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Slingerland, Joyce, M.D., Ph.D. 

RESEARCH PROGRESS 2002 
US Army Medical Research Command Award #DAMD17-98-8159 

Grant Title:   Resistance to Tamoxifen: a consequence of altered p21^^^ regulation during 
breast cancer progression 

PI: J.M. Slingerland 

INTRODUCTION 

While approximately 70% of breast cancers express the estrogen receptor (ER) at 
diagnosis, only two thirds of these will respond to antiestrogens such as Tamoxifen (TAM). 
Unfortunately, ER positive tumors that are initially responsive, invariably acquire resistance to 
hormonal therapies (reviewed in (1)). TAM-resistant tumors usually show contmued expression 
of the ER (2, 3). Estradiol regulates cell proliferation and development in the mammary gland. 
The elucidation of mechanisms whereby estradiol:ER influences cell cycle regulators and how 
these are blocked by Tamoxifen is highly relevant to the development of new treatments for 
steroid resistant breast cancer. Both estrogens and antiestrogens influence the cell cycle during 
the early Gl phase (4). The cell cycle is governed by a family of cyclin dependent kinases 
(cdks), whose activity is regulated by positive effectors, the cyclins, by phosphorylation and by 
negative regulators, the cdk inhibitors (reviewed in (5-7)). p27 or kinase inhibitor protein 1 
(KIPl) is strongly expressed in normal mammary epitheUal cells (8). That p27 protein levels 
are frequently reduced in primary breast cancers and this correlates with poor prognosis, suggests 
that p27 is an important negative regulator of the normal breast cell cycle (8-10). The cellular 
abundance of p27 is importantly regulated by ubiquitin-mediated proteolysis (11). p27 protein 
decreases when quiescent MCF-7 breast cancer cells are stimulated to reenter the cell cycle with 
estradiol treatment and p27 increases when antiestrogens induce Gl arrest ((12, 13) and PNAS 
manuscript appended). 
Hypothesis: When this grant was first submitted, we proposed the following hypothesis to be 
pursued by 3 specific aims. We originally postulated that estrogen stimulates breast cancer cells 
to enter the cell cycle by activating p27 phosphorylation, thereby signaling its degradation. We 
also postulated that antiestrogens act to block p27 phosphorylation leading thereby to p27 
accumulation and Gl arrest. Altered p27 degradation in breast cancer cells may underlie 
resistance to cytostasis by Tamoxifen. This hypothesis was to be pursued in the following 
Specific Aims. 
AIM 1.   We will compare effects of antiestrogen and estrogen on steroid sensitive and 
insensitive breast cancer lines which express the ER. We will test a) whether phosphorylation of 
p27 precedes the reduction in p27 levels following estradiol stimulation of steroid sensitive 
breast cancer lines; b) whether this is blocked by antiesti-ogens; and c) how estradiol sensitive 
and resistant Hnes differ in p27 protein expression, stabihty, p27 phosphorylation, locaKzation 
and binding of novel p27-associated proteins. 
AIM 2. To test whether increased ubiquitin proteasome activity lowers p27 levels in estradiol 
stimulated MCF-7 cells, we will use chemical proteosome inhibitors following estradiol 
stiinulation of MCF-7; we will also use a temperature sensitive (ts) mutant of the ubiquitin 
activating enzyme El to determine how loss of this activity affects p27 levels, p27 
phosphorylation and entrance into the cell cycle. 
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AIM 3. We will determine whether p27 is critical to growth inhibition by antiestrogens by 
introducing inducible antisense p27 into MCF-7 or by using antisense p27 oligonucleotides. 

The original statement of work, SOW (proposed June 1997) was revised and this new SOW 
approved May 1998. The latter is added to the end of this progress report (see below). I will refer 
to both the work of the Specific Aims proposed above and the SOW TASKs throughout the 
Progress Report as appropriate. 
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REPORT BODY: SUMMARY OF PROGRESS ON GRANT 

The work of Specific Aim la and all of Specific Aim 3 has been completed in the past 2 
years and was published in 2000 in PNAS USA {Appended Manuscript 1). We have examined 
the effects of estradiol and antiestrogens on cell cycle regulators, including p27, in the MCF-7 
line. We have shown that both p21 and p27 are essential mediators of the therapeutic effects of 
Tamoxifen and other antiestrogens. We have now published subsequent work supported by this 
grant that shows that deregulation of p27 by constitutive activation of the MARK pathway can 
lead to Tamoxifen resistance (Donovan et al, Journal of Biologic Chemistry, 2001, Appended 
Manuscript 2). Progress on Aim lb and Ic that deals with how p27 phosphorylation and 
nuclear export are coordinated with its proteasomal degradation is presented below and will 
appear in Molecular Biology of the Cell in Jan 2003 {Appended Manuscript 3). 

TASK 2, work completed for AIMs 1 and 3 

p27 is required for the therapeutic effects of antiestrogens like Tamoxifen 

The work of TASK 2 was in part accomplished and published in PNAS 2000. We found 
that estrogens and antiestrogens influence the Gl phase of the cell cycle. In MCF-7 breast 
cancer cells, estrogen stimulated cell cycle progression through loss of kinase inhibitor proteins 
(KIPs), p27 and p21, and Gl cyclin-cdk activation. Treatment with antiestrogen drugs, 
Tamoxifen or ICI 182780, caused cell cycle arrest, with up-regulation of both p21 and p27 
levels, an increase in their binding to cyclin E-cdk2 and kinase inhibition. The requirement for 
p21 and p27 in the arrests induced by estradiol depletion or by antiestrogens was investigated 
using antisense. Antisense mhibition of p21 or p27 expression in estradiol-depleted or 
antiestrogen-arrested MCF-7 led to abrogation of cell cycle arrest, with loss of cyclin E- 
associated KIPs, activation of cyclin E-cdk2 and S phase entrance. These data demonstrate that 
depletion of either p21 or p27 can mimic estrogen-stimulated cell cycle activation and indicate 
that both of these KIPs are critical mediators of the therapeutic effects of antiestrogens in breast 
cancer. This was pubUshed in PNAS USA in 2000 {Appended Manuscript 1). 

These data suggest that the reduced levels of p27 observed in human breast cancers may 
be linked to steroid independence. Our ongoing studies have addressed further the mechanisms 
whereby estradiol affects p27 action and how the regulation of p27 may be altered in steroid 
resistant breast cancer cells. See below. 

TASK 2, work completed for AIMs Ic, and 1: 

A Altered regulation ofp27 and antiestrogen-resistance linked to increased MAPK activation in 
the steroid resistant MCF-7 cells (JBC 276(44): 40888-40895, Appended Manuscript 2). 

Work of the Appended Manuscript 2, together with that described above, completes 
TASK2. We have used the LY-2 cell hne as a model to study antiestrogen resistance (15). 
Antiestrogens, such as Tamoxifen, are widely used to treat breast cancer. The therapeutic effects 
of antiestrogens require action of the cell cycle inhibitor p27'^''\ leading to Gl arrest in estrogen 
receptor positive (ER+) breast cancer cells. Antiestrogen resistance in the LY-2 line is not due to 
mutation of the ER (3). Asynchronous Tamoxifen sensitive MCF-7 and the resistant LY-2 
proUferate with similar percent S phase.  Antiestrogen treatment of MCF-7 leads to cell cycle 
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arrest in MCF-7 but had very little effect on the cell cycle profile of LY-2, confirming that the 
LY-2 are antiestrogen resistant. 

In the last year, we reported that constitutive activation of the mitogen activated protein 
kinase (MAPK) pathway alters p27 phosphorylation, reduces p27 protein levels, reduces the 
cdk2 inhibitory activity of the remaining p27, and contributes to antiestrogen resistance. In two 
antiestrogen resistant cell lines that showed increased MAPK activation, inhibition of the MAPK 
kinase (MEK) by addition of U0126 changed p27 phosphorylation and restored p27 inhibitory 
function and sensitivity to antiestrogens. Using antisense p27 oligonucleotides, we demonstrated 
that this restoration of antiestrogen-mediated cell cycle arrest required p27 function. These data 
suggest that oncogene-mediated MAPK activation, fi-equently observed m human breast cancers, 
contributes to antiestrogen resistance through p27 deregulation 

B. Howp27 regulation differs in steroid sensitive and resistant lines 

How localization of p27 and its nuclear export and subsequent degradation are regulated 
have been assayed over the last year. We have prepared different phosphomutant vectors of p27 
to address specifically how changes in p27 phosphorylation alter its ability to bind and inhibit 
cyclin E-cdk2 and inhibit cell cycle progression, and how p27 phosphorylation affects its import 
and export from the nucleus and degradation. These experiments represent the continuation of 
the work proposed in AIMlc and 2. AIM Ic proposed an investigation of the relationship 
between p27 localization and stability. The sites in p27 that are regulated by the MEK/MAPK 
pathway are under investigation. 

Investigations in our lab and others have shown that in addition to the "classic" cyclin E- 
cdk2/SKP2 mediated degradation of p27 in late Gl, tiiere appears to be a second mechanism 
activating p27 proteolysis in early Gl. In early Gl, mitogens sitinulate a change in p27, possibly 
through phosphorylation, that lead to p27 export and proteolysis. This facilitates activation of 
cyclin E-cdk2 in late Gl. Cyclin E-cdk2, once activated, can then bind and phosphorylated p27 
at threonine 187 leading to its ubiquitylation the SKP2 ubiquitin ligase. We have new data now 
that suggests that the oncogenic activation of receptor typrsine kinase (RTKs), leads to 
hyperactive MAPK signaling and this leads to accelerated p27 proteolysis. 

We have confirmed that MAPK activation following transfection of activated MAPK 
kinase (MEK^^), leads to a shortening of the half-hfe of p27. In addition MAPK shifts the 
phospk>rylation of p27 protein to a different pattern on two-dimensional isoelectric focusing. 
MEK overexpression and MAPK activation cause a shift of p27 out of the nucleus and into the 
cytoplasm and tiie cytoplasmic p27 is hyperphosphorylated compared to tiiat in cells without 
constitiitive MAPK activation. This work, that shows how mitogenic signaling via MAPK 
inactivates p27's cell cycle inhibitory function through an increase in its proteolysis, is currently 
in preparation fro publication. 

TASK 1 (see revised SOW at end of this progress report) 
p27 Export is regulated by p27 phosphorylation and by binding to CRMl and RanGTP 
(Molecular Biology of the Cell in press, manuscript appended, Appended Manuscript 3) 

The work of the revised TASKl (Aimlc) has now been completed. In pursuit of Specific 
AIM Ic, our immunofluorescence studies revealed tiiat the localization of p27 changes across the 
cell cycle. Our preliminary data suggested tiiat export of p27 from nucleus to cytoplasm 
precedes its degradation. Recent work by others also suggests a connection between nuclear 
ti-ansport  and p27  degradation  (14).     In  some breast  cancers  progression to  esfrogen 
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independence may be linked to accelerated export-dependent p27 proteolysis. In the work of the 
past 4 years, we have shown that nuclear export of p27 is critically regulated by phosphorylation 
events that mediate p27's association with components of the nuclear export machinery and its 
subsequent degradation. The following paragraph summarizes our studies on nuclear export of 
p27, that have been presented a two international Cell Cycle meetings over the last 2 years in 
May, 2000 and Jan, 2001. This work has been published on line in Molecular Biology of the Cell 
in Oct 2002 and will be in print Jan 2003. For greater detail, see the manuscript appended. 

p27 regulates Gi entry by inhibiting cyclin E/cdk 2 activity, and cellular p27 protein 
levels are regulated primarily by proteasomal degradation. Ubiquitin-mediated degradation of 
p27 in late Gl requires phosphorylation on threonine 187 (T187-P) and p27 binding to cyclin 
E/cdk 2 or cyclin A/cdk 2. p27 degradation involves an SCF complex, which contains SKP2, 
SKPl, Cull and Ubc3. Earlier work suggested that p27 degradation is inhibited by leptomycin B 
(LMB), a cytotoxin that disrupts the interactions between the nuclear export protein CRMl and 
the nuclear export sequence (NES) of proteins to be exported. Therefore, we investigated the 
mechanisms regulating p27 nuclear export across the cell cycle. 

We have shown that p27 locaUzation is cell cycle regulated and that active 
CRMl/RanGTP-mediated nuclear export of p27 may be linked to cytoplasmic p27 proteolysis in 
early Gl. p27 is nuclear in GO and early Gl and appears transiently in the cytoplasm at the Gl/S 
transition. Co-precipitation of p27 with the exportin CRMl was minimal in GO and p27-bound 
CRMl increased markedly during Gl-to-S phase progression. Proteasome inhibition in mid Gl 
did not impair nuclear import of p27, but led to accumulation of p27 in the cytoplasm, suggesting 
that export precedes degradation for at least part of the cellular p27 pool. p27-CRMl binding and 
nuclear export were inhibited by mutation of serine 10 to alanine (S1OA) mutation but not by 
T187A mutation. A putative nuclear export signal (NES) in p27 was identified whose mutation 
reduced p27-CRMl interaction, nuclear export and p27 degradation. LMB did not inhibit p27- 
CRMl binding in vitro or in vivo, nor did it prevent p27 export in vitro or in heterokaryon 
assays. Pre-binding of CRMl to the classical NES of HIV-1 Rev did not inhibit p27-CRMl 
interaction, suggesting that p27 binds CRMl at a non-LMB sensitive motif LMB increased total 
cellular p27 and may do so indirectly though effects on other p27 regulatory proteins. These data 
and other recent work suggest a model in which p27 undergoes active, CRMl-dependent nuclear 
export and cytoplasmic degradation m early Gl. This would permit the mcremental activation of 
cyclin E-Cdk2 leading to cyclin E-Cdk2 mediated T187 phosphorylation and p27 proteolysis in 
late Gl and S phase. 

During the course of this year, I have acknowledged the support from the US Army 
Career Development Award in all pubHcations coming out of my lab even if the projects were 
not directly supported by the original grant proposal (also funded as an Ideas award 1998-2001). 
This acknowledgement reflects the salary support provided to me by the DOD. I have included 
these papers in the Reportable Outcomes section of this progress report and appended these 
papers as Appended Manuscripts 4-6. 

MENTORING 

This DOD grant has supported a PhD trainee, Mr. Jeff Donovan, and a post-doctoral research 
fellow. Dr. M. Connor. Dr Donovan was initially supported by the IDEAS award from the DOD 
DAMDl 7-98-8158 (same proposed grant project as was supported by my Career Development 
Award by the DOD # DAMDl 7-98-8159. He subsequently appHed for and received a DOD pre- 
doctoral breast cancer research fellowship. Mr. Donovan is co-first author on the research article 
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that we published in PNAS (appended) and has now pubHshed second paper in JBC on the work 
of this grant (appended). He is first author on the JBC paper. He is an MD/PhD and plans to 
pursue an academic career as a chnician investigator. He completed his PhD defense Aug 16*, 
2002. As of Sept 2002, he resumed his medical degree studies at the University of Ottawa. 
During his time in my lab, he has become interested in having an academic career in Medical 
Oncology. I am convinced Jeff has what it takes to marry a research and clinical career. Jeff has 
a strong interest in a career in which he pursues the appUcation of molecular biologic techniques 
to solve real therapeutic problems in the practice of breast Oncology. 

Dr. Connor joined the lab in August of 2000. He carried on the work that a former post-doctoral 
fellow Dr. S. Cariou had begun. Dr. Connor has been very productive during his time in my 
laboratory. In December, Dr. Connor was joined by another post-doctoral fellow. Dr. R. 
Kotchetkov, in the study of how the nuclear export of p27 is regulated. Together these two 
postdocs have uncovered important mechanisms whereby p27 export fi-om the nucleus regulates 
p27 degradation. This has been an international collaboration with colleagues at the Max Planck 
Institute in Germany and the work will appear in the Jan 1, 2003 edition of Molecular Biology of 
the Cell (appended). Dr. Connor hopes to obtain a position as an independent investigator in the 
cancer research field when he completes his post-doctoral training. . 

Dr Angel Amaout is a Surgical Resident who recently joined my lab. She is interrupting 
her residency training m General Surgery to carry out a Masters degree. She will complete her 
MSc at the University of Toronto in the spring of 2003 in the molecular biology of breast cancer. 
Dr Amaout intends to pursue a career in Surgical Oncology with a focus on breast cancer 
surgery. She has been a pleasure to mentor as she prepares for a career in translational research 
in the field of Surgical Oncology, with a focus on breast cancer. As she completes her graduate 
work at the U of Toronto she is being co-mentored by 2 other U of T faculty, and I continue to 
supervise her training fi-om Miami. 

Jeff Rothenstein worked in my lab over the summer of 2001 on the DOD project after 
completing his first year as a medical student. This has provided him valuable experience in 
translational research appUed to breast cancer. While Kathy Han did not work on the DOD 
breast cancer project, she is also a summer student who worked with me over the last two years 
and has now entered Medical School at McGill University, as of Sept 2002. She will Ukely go 
on to have a career as a CUnical Scientist since she is a very able researcher. Albert Chang 
worked for a year in my lab as a Technician between Aug 2001 and Aug2002. He had completed 
an MSc in molecular biology. He entered Medical School in Sept 2002 and I believe that he also 
intends to pursue a career as a Clinical Scientist on completion of his medical degree. Helen 
Chan worked in my lab between Feb 2002 and Aug2002 after completing her MSc in Feb 2002 
at another University. She is a talented molecular biologist and enjoyed working in my lab as it 
gave her the flavor of what translational research was like. She entered Medical School at 
Queens University in Sept 2002 and also intends to pursue a career in translational research. 

CAREER IMPACT 

This CAREER DEVELOPMENT AWARD for the DOD Breast Cancer Research Program 
DAMDl 7-98-8159 provided the support required for an increase in the proportion of my time 
devoted to laboratory research. My breast cancer patients have been most heartened to hear that I 
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am supported by such a generous grant from the DOD. They often ask me how my research is 
going and are very supportive. 

In 2001,1 was awarded a Canada Research Chair. This is an honor and also provides 
some career support. I think the DOD awards I have received have been helpful not only in the 
material support it has provided for lab operations, but also in helping to establish my credibihty 
as a Clinician Scientist. The DOD grants IDEAS #DAMD17-98-8158 and Career Development 
#DAMD17-98-8159 have also provided support for the translational research work that led U of 
Miami to recruit me to their direct their breast cancer program. I moved to U of Miami in 
September 2002 to take up the position of Director of the Braman Breast Cancer Research 
Institute. This Multidisciplinary research institute will attempt to develop, expand and bring 
together research endeavors on breast cancer at the U of Miami. I am currently recruiting a 
Clinical Director, 4 other Clinical Faculty devoted to the breast program (Medical Oncologists, a 
breast Radiologist, and breast Surgeon) in addition to 4 other scientists investigating molecular 
mechanisms underlying breast cancer. I will be recruiting a Molecular Pathologist and a 
Molecular Epidemiologist and together we will estabUsh an ongoing prospective breast tumor 
data-base and tumor bank here at U of Miami. We aim to not only provide exemplary clinical 
care of breast patients at our center, but also to carry out Clinical research in every aspect of 
breast cancer care, including breast imaging, less invasive breast cancer surgery, new methods of 
breast irradiation and to offer our patients the latest molecular based therapies as we expand 
phase one and two clinical trials of molecular targeted cancer therapies. The 4 scientists to be 
recruited to the program will be investigating molecular mechanisms of breast cancer that can 
then be validated in human breast tumor samples from the data bank. Once new molecular 
targets have been vaUdated, we will move these targets toward drug development and Phase I 
trials in the nearest possible time frame. The Braman breast Cancer Institute will also provide a 
forum for dialogue between the many other scientists at the UM who are doing work of 
relevance to the molecular biology of carcinogenesis and cancer progression. 

10 
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Revision of SOW for grant award numbers DAMD17-98-1-8158 and DAMD17-98-1-8159 
(Approved in 1999) 

PI: J. M. Slingerland 

TASK 1 (revised) 

1) Assay effects of LlnL on p27 levels and its intracellular localization (year 1, done) 

2) Carry out nuclear cytoplasmic fractionation and test whether p27 phosphorylation differs in 
the cytoplasmic and nuclear jfractions using 2 dimensional immunoelectrophoiesis 
techniques that have been estabhshed in the Slingerland lab (done in year 2) 

3) Test whether in vivo associations between p27 and components of the nuclear export 
machinery (export carrier proteins, CRMl, importin beta, transport proteins Ran and 
RanGAP) are detectable and whether they vary across the cell cycle. (8 months required in 
year 2, completed) 

4) Test the effects of inhibition of the proteasome on the levels of p27 binding to nuclear 
export factor CRMl (2-3 months in year 2, completed). 

5) Show whether the ability of p27 immunoprecipitated from MCF-7 to bind recombinant 
CRMl varies as a function of cell cycle progression and is associated with differences m 
p27 phosphorylation (completed in year 2). 

6) Investigate how MCF-7 variants that have become steroid independent differ in then- 
regulation of p27 localization and proteolysis (year 2 and 3, work underway). 

TASK 2 remains unchanged and will be completed by the end of the grant period 

11 
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List of Key Accomplishments over the whole grant period 1998-2002 

1. We have shown that both p21 and p27 are essential mediators of the therapeutic 
effects of Tamoxifen and other antiestrogens 

2. In two antiestrogen resistant cell lines with increased MAPK activation, we 
showed that inhibition of the MAPK kinase (MEK) by addition of U0126 changed 
p27 phosphorylation and restored p27 inhibitory function and sensitivity to 
antiestrogens 

3. We demonstrated that constitutive activation of the mitogen activated protein 
kinase (MAPK) pathway alters p27 phosphorylation, reduces p27 protein levels, 
reduces the cdk2 inhibitory activity of the remaining p27, and contributes to 
antiestrogen resistance 

4. Our data suggest that oncogene-mediated MAPK activation, frequently observed 
in himian breast cancers, contributes to antiestrogen resistance through p27 
deregulation 

5. Demonstrated that for a portion of cellular p27, export of p27 from nucleus to 
cytoplasm precedes its degradation. We have shown that p27 localization is cell 
cycle regulated and that active CRMl/RanGTP-mediated nuclear export of p27 is 
linked to cytoplasmic p27 proteolysis in early Gl. 

6. A putative nuclear export signal (NES) in p27 was identified whose mutation 
reduced p27-CRMl interaction, nuclear export and p27 degradation 

7. We have confirmed that MAPK activation following transfection of activated 
MAPK kinase (MEK^^), leads to a shortening of the half-life of p27. 

8. We showed that MAPK shifts the phosphorylation of p27 protein to a different 
pattern on two-dimensional isoelectric focusing. MEK^^ overexpression and 
MAPK activation cause a shift of p27 out of the nucleus and into the cytoplasm 
and the cytoplasmic p27 is hyperphosphorylated compared to that in cells without 
constitutive MAPK activation. These changes are key to the MAPK mediated p27 
proteolysis. 

12 
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List of Reportable Outcomes 2002 

Manuscripts 

Publications: 

1. Cariou, S., Donovan, J.C.H., Flanagan, W.M., Milic, A., Bhattacharya, N., 
Slingerland, J.M. (2000) Downregulation of p2iWAFi/cipi ^^ p27Kipi abrogates 
antiestrogen mediated G1 arrest in human breast cancer cells. Proceedings of 
the National Academy of Science (USA), 97(16):9042-9046. (Corresponding 
author, 100% effort in my lab) SEE APPENDED MANUSCRIPT 1 

2. Donovan JCH, Milic A,. Slingerland J. (2001) Activation of p42/44 MAPK 
pathway leads to p27 ''^ deregulation and antiestrogen resistance in human 
breast cancer cells. Journal of Biological Chemistry, 276(44): 40888-40895 
(Corresponding author, 100%effort) SEE APPENDED MANUSCRIPT 2 

3. Connor, M., Kotchetkov, R., Carious, S., Resch, A., Lupetti; R., Beniston, R., 
Melchior, P., Hengst, L., Slingerland, J. (2002) Nuclear export of p27'^P^ is 
regulated by phosphorylation and by RanGTP/CRM1 binding. In Press 
Molecular Biology of the Cell (published on line Oct, 2002, Corresponding 
author, 90% in my lab). SEE APPENDED MANUSCRIPT 3 

Liang, J., Zubovitz, J., Petrocelli, T., Kotchetkov, R., Connor, M., Han, K., Lee, J.- 
W., Ciarallo, S., Catzavelos, C, Franssen, E., Beniston, R., Slingerland, J. 
(2002) Phosphorylation of p27'^'P^ by PKB/Akt leads to p27'^'P^ mislocalization 
and TGF-p resistance. Nature Medicine 8 (10): 1153-1160 (Corresponding 
author, 100% effort my lab.) SEE APPENDED MANUSCRIPT 4 

Ciarallo, S., Subramaniam V., Kotchetkov, R., Lee, J.H., Sandhu, C, Milic, A., 
Slingerland, J.M. (2002) Altered p27'^'P^ phosphorylation, localization and 
function in human mammary epithelial cells resistant to TGF-p mediated G1 
arrest. Molecular and Cellular Biology, 22(9): 2993-3002, (Corresponding 
author, 100% effort from my lab). SEE APPENDED MANUSCRIPT 5 

Donovan, J., Milic, A. Rosenberg, J. and Slingerland, J. (2002) The 
requirement for p27 in G1 arrest by TGF-p becomes essential during progressive 
checkpoint loss in human cancers. In Press Journal of Biological Chemistry, 
(published on line Sept, 2002. (Corresponding author, 100% effort) SEE 
APPENDED MANUSCRIPT 6 
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Abstracts and Presentations 

Plenary Talks at International Meetings: 
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Conclusions 
CLINICAL IMPLICATIONS OF WORK COMPLETED 

The work completed on TASKS 1 & 2 have several important clinical 
implications. The humanized antibody to HER2, rhiiMAbHER2 (Trastuzumab) has 
therapeutic efficacy in the treatment of HER2 overexpressing breast cancers (16). In 
patients with ER+ breast cancers that are responding to Trastuzumab, the MAPK 
downregulation afforded by inhibition of HER2 signaling may restore Tamoxifen 
sensitivity. The potential for additive therapeutic effects of Tamoxifen in Trastuzumab 
(Herceptin) responders warrants testing in clinical trials. Moreover, tyrosine kinase 
inhibitors such as Emoda, which block HER-2 phosphorylation and its intracellular 
signaling, may restore or extend the period of responsiveness to Tamoxifen. 

Although up to 60% of newly diagnosed breast cancers express the ER, only 
about 2/3 of these respond to antiestrogens like Tamoxifen. A second clinical impUcation 
of this study is that low p27 levels in ER+ breast cancers may predict for primary non- 
responsiveness to Tamoxifen. We are currently investigating this in a large retrospective 
study of 800 patients treated with Tamoxifen in the 1980s. Moreover, novel MAPK 
inhibitor drugs (17) could have the potential to restore steroid responsiveness in ER+ 
hormone resistant cancers. 

insights into the regulation of p27 localization and degradation are germane to the 
loss of p27 protein seen in primary breast cancer. In primary breast cancers, there is a 
strong association between reduced p27 protein levels and progression to steroid 
independence (8). We have shown, in work supported by this grant, that p27 is essential 
for the maintenance of growth arrest of breast cancer cells following Tamoxifen 
treatment or interruption of estradiol signaling. A better imderstanding of how this key 
effector, p27, is regulated and how these processes are altered in breast cancer 
progression has shed new insights on the problem of progression to Tamoxifen resistance 
in breast cancer and provided a rationale for the development of new clinical trials 
combining antiestrogen therapies with specific receptor tyrosine kinase inhibitors, such as 
Iressa or Herceptin with antiestrogens such as Tamoxifen, Arimades or Letrozole. 
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antiestrogen-mediated cell cycle arrest in human 
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(27-29). Expression of the ER, a good prognostic factor in breast 
cancer, is associated with higher levels of both p21 and p27 
proteins (25, 27, 28, 30). Our observation that loss of p27 was 
strongly associated with hormone independence (25) stimulated 
the present investigation of the role of these KIPs in cell cycle 
effects of estrogen and antiestrogens in breast cancer cells. 

Although recent reports correlate estrogenic stimulation with 
activation of cyclin E-cdk2, some suggest the importance of the 
cdk inhibitor p21 (31, 32) and others emphasize a role for p27 
(33). An understanding of how estrogens and antiestrogens 
influence the cell cycle and the mechanisms of their alteration 
in cancer progression may facilitate the development of new 
hormonal treatments for breast cancer and other hormone- 
dependent cancers. The present study provides evidence that 
both p21 and p27 play essential roles in the cell cycle.arrest of 
breast cancer cells by antiestrogens. 

Materials and Methods 
Cell Culture and Synchronization. MCF-7 cells (34) were grown in 
improved modified essential medium (IMEM-option Zn^"*") sup- 
plemented with insulin and 5% (vol/vol) PCS. Cells were trans- 
ferred to phenol red-free medium for 48 h and then synchronized 
in quiescence by depletion of estradiol through transfer to IMEM- 
option Zn^* supplemented with 5% (vol/vol) charcoal-stripped 
PCS for 48 h. 

Analysis of Cell Cycle Regulators. Cells were released from quies- 
cence by readdition of 10 nM 17-j3-estradiol (estradiol) at / = 0 h. 
At intervals thereafter, cells were harvested for cell cycle analysis 
by flow cytometry after BrdUrd pulse labeling and propidium 
iodide counterstaining (35) and for Western analysis of cyclins E, 
Dl, A, and B, as well as cdk2, cdk4, cdk6, pl5, p21, and p27 proteins 
(from 20-50 jjig of protein extract) as described (36). Equal protein 
loading was verified by probing these blots with antibocfy to |3-actin 
(Sigma). Quantitation of proteins on Western and immunoprecipi- 
tation-Westeni blots was done by densitometry with IMAGEQUANT 
software. Qfclin E was immunoprecipitated from 100-150 ju,g of 
protein lysate with anti-cyclin E mAb 172 and associated proteins 
detected by immunoblotting or associated kinase assayed with 
histone HI as substrate as described (36). At the times indicated, 

Estrogens and antiestrogens Influence the Gi phase of the cell cycle. 
In MCF-7 breast cancer cells, estrogen stimulated cell cycle progression 
through loss of the kinase inhibitor proteins (KIPs) p27 and p21 and 
through Gi cydin-dependent kinase (cdk) activation. Treatment with 
antiestrogen drugs, Tamoxifen or la 182780, caused cell cycle arrest, 
with up-regulation of both p21 and p27 levels, an increase in their 
binding to cydin E-cdk2, and kinase Inhibition. The requirement for 
these KIPs in the arrests Induced by estradiol depletion or by anties- 
trogens was investigated with antisense. Antisense inhibition of p21 
or p27 expression in estradiol-depleted or antiestrogen- 
arrested MCF-7 led to abrogation of cell cycle arrest with loss of cyclin 
E-assoclated KIPs, activation of cyclin E-cdk2, and S phase entrance. 
These data demonstrate that depletion of either p21 or p27 can mimic 
estrogen-stimulated cell cycle activation and indicate that both of 
these KIPs are' critical mediators of the therapeutic effects of anti- 
estrogens in breast cancer. 

Estradiol is mitogenic in up to 50% of de novo breast cancers, 
causing recruitment of quiescent cells into Gi and shortening 

the Gj-to-S phase interval (1, 2). Although 70% of breast cancers 
express the estrogen receptor ^R), only two-thirds of these will 
respond to antiestrogens, of which, Tamoxifen is the most widely 
used (3,4). Antiestrogens, such as Tamoxifen, its active metabolite, 
4-hydroxytamoxifen (4-OH TAM), and the more potent steroidal 
antiestrogen IQ 182780 (Paslodex) lead to a Go/Gi arrest in 
susceptible ER-positive breast cancer cells (5-8). Unfortunately, 
hormonally responsive breast cancers invariably develop resistance 
to antiestrogens despite the continued expression of wild-type ER 
in most cases (9-12). Estrogens induce conformational changes in 
the ER, which promote its nuclear localization, dimerization, and 
function as a ligand-activated transcription factor (13-15). In ad- 
dition, ligand binding to the ER can rapidly and transiently activate 
signal transduction pathways, notably the mitogen-activated protein 
kinase in breast cancer and in other cell types (16, 17). Because 
antiestrogen resistance usually develops in the presence of an intact 
ER, the mechanisms by which ER modulates the cell cycle may be 
altered during breast cancer progression. The evolution of prostate 
cancer to hormone independence also occurs without loss of the 
androgen receptor (18,19) and may reflect a common mechanism 
of cell cycle misregulation. 

Progression through the cell cycle is governed by a family of 
cyclin-dependent kinases (cdks), whose activity is regulated by 
phosphorylation (20), activated by cyclin binding (21, 22), and 
irihibited by the cdk inhibitors of the inhibitor of cdk4 (INK4) 
family (pl6'NK4A pi5iNK4B_ pjg^ ^^^ p^g) ^^^ ^^^^^^ inhibitor 
protein (KIP) family (p2lWAF-i/ciP-i^ ^21^P\ zndpl™^; refs. 
22-24). Passage through Gi into S phase is regulated by the 
activities of cyclin D-, cyclin E-, and cyclin A-associated kinases. 
Although p27 protein is strongly expressed in normal mammary 
epithelial tissue, decreased levels of p27 protein in primary 
breast cancers are correlated with poor prognosis (25, 26) and 
steroid independence (25). Reduced p21 levels have also been 
associated with a poor prognosis in some breast cancer studies 
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Cdk4 immunoprecipitates (polyclonal antibody from Santa Guz 
Biotechnology) were analyzed for associated proteins, and cyclin 
Dl was immunoprecipitated from 200 fig of protein with DCS-11 
antibody (Neomarkers, Freemont, CA) for kinase assays with pRb 
substrate as described (37). Immunohistochemical analysis of p27 
was undertaken at the indicated times after addition of estradiol as 
described (25). 

Analysis of Cell Cycle Arrest by inhibition of ER Signaling. Asynchro- 
nous MCF-7 cultures were either depleted of estradiol as de- 
scribed above or arrested by addition of 1 jitM 4-OH-TAM 
(Sigma) or 10 nM ICI182780 {7a-[9-(4,4,5,5,5-pentaf luoropen- 
tylsulfinyl)nonyl]estra-l,3,5(10),-triene-3,17|3-diol; Zeneca 
Pharmaceuticals, Wilmington, DE} to complete medium, and 
samples were collected at 0,12,18, 24, and 48 h thereafter for 
protein and flow cytometric analyses. p21, p27, cyclins E, and Dl 
proteins were assayed by Western analysis, and cyclin E-associ- 
ated cdk2, p21, p27, and histone HI kinase activities were 
assayed as in ref. 36. 

Antisense Oligonucleotide Transfections. Phosphorothioate oligo- 
nucleotide sequences were as follows: GS5422 antisense p27 
(ASp27), 5'-TGGCTCTCXTGCGCC-3'; GS5585 mismatch p27 
(MSMp27), 5'-TGGCrCXCTTGCGCC-3'; GS6008 antisense 
p21 (ASp21), 5'-TCCGXGCCCAGCTCC-3'; GS6074 mismatch 
p21 (MSMp21), 5'-TCCGXCGCCAGCTCC-3'. X indicates the 
G clamp modification of these oligonucleotides (38). MCF-7 
cells rendered quiescent by estradiol depletion or by treatment 
with 10 nM ICl 182780 or 1 /iM 4-OH TAM were transfected 
with 120 nM oligonucleotides by using 2.5 jAg/ml cytofectin 
G3815 (Gilead Scientific, Foster City, CA) for 6 h as described 
(38, 39), followed by replacement with complete medium. Flow 
cytometry and protein analysis were performed at 1,21, and 28 h 
thereafter. Neither p21 nor p27 was increased in mismatch 
controls compared with lipid-only transfections. 

Metabolic Labeling. Before and at 1 h and 21 h after completion 
of antisense oligonucleotide transfection, cells were metaboli- 
cally labeled, followed by immunoprecipitation of p21 and p27. 
Cells were incubated for 30 min in 8 ml of a-MEM lacking 
methionine and then labeled metabolically for 1 h with 500 ptCi 
P'S]methionine in 2 ml of a-MEM lacking methionine. Cells 
were lysed on ice, clarified by centrifugation, and precleared with 
1 |jtg of nonspeciBc rabbit polyclonal IgG and protein A Sepha- 
rose beads. pS]Methionine incorporation was quantitated as 
trichloroacetic acid-insoluble counts. Lysates volumes represent- 
ing equal amounts (10* cpm) of total trichloroacetic acid- 
incorporated counts were immunoprecipitated for 1 h with 
either p21 or p27 antibody or with control nonspecific rabbit 
polyclonal IgG. Immune complexes were collected on protein A 
Sepharose beads, washed three times, and eluted into Laemmli 
buffer. Samples were resolved by SDS/PAGE; gels were dried; 
and labeled proteins were visualized by autoradiography. 

Results and Discussion 
Estradiol stimulates a shift of KIP proteins from cyclin E-cdk2 into 
cyclin Dl-cdk4. Estradiol stimulation of steroid-deprived, quies- 
cent MCF-7 breast cancer cells induced synchronous cell cycle 
reentry. S phase entrance was detected by 12 h, with the peak 
percentage of S phase cells at 24 h (Fig. L4). The levels of qfclin E, 
cdk2, and cdk4 remained constant, and plS"^"^^^ protein levels fell 
as ceils moved into Gi (data not shown). MCF-7 cells do not express 
pjgiNK4A because of deletion of this gene (40). Cyclin Dl was not 
detected in quiescent cells but rose within 3 h of estradiol addition 
and remained constant thereafter. p21 and p27 protein levels fell by 
3- and 5-fold, respectively, by 24 h (Fig. IB). Immunohistochemical 
analysis of p27 supported the immunoblotting data (Fig. IQ. 
Estradiol-depleted, quiescent MCF-7 cells showed strong nuclear 
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Fig. 1. Losses of p21 and p27 during estradiol stimulation of quiescent MCF-7 
cells. Quiescent, estradiol-depleted MCF-7 cells were stimulated by readdition 
of 10 nM estradiol, and samples were taken at intervals thereafter. (A) Cell 
cycle synchrony was determined by dual BrdUrd/propidium iodide pulse 
labeling and flow cytometric analysis. (6) p21 and p27 Immunoblots revealed 
levels of these proteins during cell cycle progression. (O p27 protein was 
assayed by Immunohistochemistry in asynchronous cultures at tlie indicated 
times after estradiol stimulation of quiescent MCF-7 as described (25). 

p27 Staining that was notably reduced by 6 h after addition of 
estradiol and barely detectable above background by 12 h as S phase 
entrance began. 

The pattern of binding of p21 and p27 to cdk4 and cdk2 
complexes differed during estradiol-stimulated cell cycle pro- 
gression in MCF-7. Cdk4-bound p27 was abundant in estradiol- 
depleted cells and increased in parallel with the increased 
assembly and activation of cyclin Dl-cdk4 between 3 and 9 h 
after estradiol addition (Fig. 2 A and B). Cyclin Dl-dependent 
kinase activities and cyclin Dl binding to cdk4 were reduced by 
12 h and undetectable by 16 h. Although p21 protein was 
elevated, very little p21 was detectable in cdk4 complexes in 
quiescent MCF-7. As for p27, cyclin Dl-cdk4 assembly was 
accompanied by increased p21 binding, in keeping with the 
function of p21 and p27 as positive regulators of cyclin Dl-cdk4 
assembly (37, 41). Although cyclin D2 and cdk6 are detectable 
in MCF-7, cyclin Dl-cdk4 has been shown to be the major 
D-type cdk in these cells (31,32). In contrast to their pattern in 
cyclin Dl complexes, activation of cyclin E^cdk2 after estradiol 
stimulation was correlated with loss of p27 and p21 from cyclin 
E-cdk2. Cyclin E-cdk2 activation was correlated with S phase 
entrance (Fig. 2 JB and C). 
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Rg. 2. Different patterns of KIP binding during cyclin D1-cdk4 and cyclin 
E-cdk2 activation. Cdk4 {A) and cyclin E (Q Immunoprecipltates (IP) from cell 
lysates recovered at intervals after readdition of estradiol to steroid-depleted 
MCF-7 cells were resolved and analyzed by immunoblotting with the indicated 
antibodies. Cyclin D1 (B) and cyclin E (D) immunoprecipitates were assayed for 
kinase activity (36) at intervals after estradiol stimulation of quiescent MCF-7. 

p21 and p27 Bind and Inhibit Cyclin E-cdk2 on Interruption of 
Mitogenic ER Signaling. To investigate further cell cycle regulation 
by estrogen, ER signaling was interrupted in asynchronous 
MCF-7 cultures in three ways: by treatment with the pure ER 
antagonist ICl 182780, by the addition of antiestrogen 4-OH 
TAM, or by steroid depletion. All induced quiescence, with the 
S phase fraction falling from 29-36% to 1-5% over 48 h with a 
corresponding increase in the percentage of cells in Go/Gi phase 
(data shown for ICI 182780 in Fig. 3). p21 and p27 proteins 
increased, as did their binding to cyclin E-cdk2, in parallel with 
kinase inhibition (Fig. 3B).. Although levels of cyclin E-bound 
cdk2 were unchanged, there was an accumulation of the slower- 
mobility, non-CAK-activated cdk2, lacking Thr-160 phosphor- 
ylation. The pattern of increase in p21 and p27 and of their 
binding to cyclin E during estradiol depletion and 4-OH TAM 
arrest were similar to that shown for Id 182780 in Fig. 3B. The 
loss of cyclin Dl observed during antiestrogen treatment would 
lead to dissociation of KIPs from cyclin Dl complexes and foster 
KIP inhibition of cyclm E-cdk2 (42, 43). 

These data and earlier work support the notion that estrogens 
and antiestrogens work through changes in p21 and p27 levels. 
Foster and Wimalasen (33) showed that p27 immunoprecipita- 
tion significantly depleted cyclin E-cdk2 inhibitory activity from 
serum and amino acid-starved MCF-7 cells. Others showed that 
most of the cyclin E-cdk2 inhibitory activity in Tamoxifen- or 
ICI 182780-arrested MCF-7 was removed by immunodepletion 
of p21. However, immunodepletion of both p21 and p27 was 
required to deplete fully cyclin E from arrested cells, indicating 
that cyclin E is bound to either p21 or p27 in an ER-blocked 
arrest state (31, 32, 42). These authors proposed that the 
estradiol-stimulated up-regulation of cyclin Dl served to seques- 

I 
■rri'Tri'i-rmrt 

f. 

B 

DNAOOnMM 

Time (hrs) 

DNA 

0 12 18  24 48 
«61 68 74 79  88 «0 

%S 30 19 14    8   5 

p21 m-mmm-m^mi 

pa? t»«Ni»9* 

Cydin E 

€-bourtd «dk2 ^fmtp 'vawi  ^ww.  ^mK  -(wftp 

E-bound p21 "^ «^ nm-mi^ifl^ 

E4>ound p27 *^   ^n^ Mt*. i|lP "*** 

E-cdk2acttyity ■■HK 
Fig. 3. p21 and p27 proteins Increase during Go/Gi arrest by ER blockade. 
Asynchronously growing MCF-7 cells were treated with the ER-blockIng drug 
IC1182780 (Faslodex) at time 0 h, and samples were collected for flow cytom- 
etry or protein analysis attimes indicated. (A) Cell cycle distribution before and 
48 h after drug treatment. (B) Lysates were analyzed by immunoblotting wfth 
the indicated antibodies. Cyclin E immunoprecipitates were immunoblotted 
for associated p21 or p27 or analyzed for associated histone HI kinase activity 
as described in ref. 36. Similar results were obtained for arrests with 4-OH TAM 
or after transfer to estradiol-depleted, charcoal-stripped serum. 

ter p21 away from cyclin E complexes leading to activation of 
cyclin E and pRb phosphorylation. However, none of these 
earlier studies definitively established a requirement for p21 and 
p27 in cell cycle arrest by antiestrogens. 

p21 and p27 Are Essential Mediators of Arrest by Antiestrogens. To 
test directly whether p21 and p27 play essential roles in the cell 
cycle arrest after blockade of ER signaling in MCF-7 cells, we 
used antisense oligonucleotides to inhibit p21 (ASp21) or p27 
(ASp27) expression in cells arrested by ICI 182780,4-OH TAM, 
or estradiol depletion (data shown for ASp27 in estradiol- 
depleted MCF-7 in Fig. 4). A G clamp heterocycle modification, 
a cytosine analog that clamps onto a guanine, was designed to 
enhance antisense/RNA interaction and showed increased an- 
tisense oligonucleotide potency over the C5 propynyl-modified 
oligonucleotides used in earlier assays (38, 39). Within 1 h of 
transfection, ASp27-treated cells showecl a 4-fold reduction in 
p27 but no loss of p21 (Fig. 4^4), and p27 levels reached a nadir 
at about 6 h after transfection. The ASp21 oligos showed a 
similar specificity with no immediate loss of p27. Metabolic pulse 
labeling of ASp27-transfected cells showed specific inhibition of 
p27 synthesis but no effect on p21 protein synthesis at 1 and 21 h 
after completion of the transfection (Fig. AA). 

Treatment with ASp27 led to hyperphosphorylation of pRb 
and pl30, CAK phosphorylation at Thr-160 on cdk2 (Fig. 45), 
loss of p27 binding to cyclin B-cdk2, and cyclin E-cdk2 activa- 
tion (Fig. 4 C and D), aJl consistent with stunulation of Gi-to-S 
phase progression. Similar findings were observed for ASp21- 
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■ to lipid only (L). ASp27 (AS), or IVISMp27 (MSM) and were immunoblotted f or p21 
and p27. Before and at 1 and 21 h after ASp27 transfection, cells were metabol- 
ically pulse labeled with P^Jmethionine, and p21 and p27 were immunoprecipi- 
tated from lysates containing equal trichloroacetic acid incorporation. The posi- 
tions of metabolically labeled p27 are indicated by arrows. A nonspecific band, 
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IgG lane. (B) Immunoblotting shows cell cycle regulatory protein levels before 
(left lane) or 21 h after transfection of lipid alone (L), ASp27, or MSMp27. Cyclin 
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immunoblottedto detect associated proteins (O or assayed for cyclin E-associated 
histone HI kinase activity (D). (£) Flow cytometry 21 h after transfection with 
ASp27, lipid alone, or MSMp27. 

treated cells. ASp21 treatment of cells arrested by estradiol- 
depletion, 4-OH TAM, or ICI182780 showed loss of p21 and loss 
of p21 from qrclin E^cdk2 with activation of this kinase accom- 
panying S phase entry (not shown). These effects were not 
observed in the mismatch and lipid control groups. Results 
shown are representative of up to three repeat experiments. It is 
notable that ASp27-treated cells showed late down-regulation of 
p21 at 21 h after transfection. Metabolic labeling of ASp27- 
transfected cells showed persistent specific inhibition of p27 
synthesis at 21 h but no inhibition of p21 synthesis as cells were 
entering S phase. Thus, the reduction of p21 protein is not due 
to inhibition of p21 synthesis by the ASp27 oligo. Rather^ the 
ASp27-induced inhibition of p27 synthesis was sufficient to move 
cells out of quiescence, and the subsequent loss of p21 most likely 
reflects the changes in posttranslational regulation of p21 lead- 
ing to its degradation at the Gi-to-S phase transition (44). Data 
in Fig. 4y4-C for ASp27 treatment of ICI 182780-arrested cells 
were similar to results for ASp27 treatment of cells arrested by 
estradiol depletion or 4-OH TAM (not shown). Despite the 
continued blockade of ER signaling, ASp21 or ASp27 transfec- 
tion stimulated cell cycle entry of cells arrested by steroid 
depletion, 4-OH TAM, or ICI 182780. The S phase fraction rose 

HUptcf alone 
[~j Antteenss 

M Mismatch 

p27oligonucIeoUdes       p21 ollgonucleatld^s . 

Fig. 5. Requirement for p21 and p27 in Gi arrest by ER-blocking drugs or 
estradiol-depletion. MCF-7 cells were arrested by estradiol depletion or by 
treatment with 4-OH TAM or IC1182780. The graph indicates the percentage 
of S phase cells after a 21 -h exposure to lipid only (black bars), antisense (white 
bars), or mismatch (hatched bars) oligonucleotidesto either p21 or p27. 

. to 21-26% at 21 h (or 15 h after reaching minimum levels of the 
AS-targeted KIP protein. Figs. 4£ and 5) and 29-36% at 28 h 
after transfection. Thus, ASp21 or ASp27 was sufficient'to mimic 
the effect of estradiol on Gi-to-S phase progression in MCF-7 
cells. These data indicate that a key effect of ER signaling is to 
relieve KlPrmediated inhibition of cdk2. 

ASp27 not only inhibits p27 synthesis but would also lead to 
an increase in p27 degradation. As cyclin E-cdk2 is liberated 
from bound p27, it then phosphorylates remaining p27 mole- 
cules on Thr-187, thereby accelerating p27 degradation (45-47). 
Moreover, the activation of cyclin E-cdk2 is autocatalytic 
through activation of Cdc25A by cyclin E-cdk2 (48, 49). Thus, 
a relatively small initial reduction in p27 can stimulate a signif- 
icant loss of p27 from cyclin E complexes. 

Although breast cancer cells arrested by interruption of ER 
signaling have high levels of both p21 and p27, only p27 is 
elevated in serum-starved fibroblasts, and p27 is essential for 
arrest by serum starvation in immortalized fibroblasts (50, 51). 
Although p21 can compensate in part for the lack of p27 in 
serum-starved p27-null murihe embryo fibroblasts (52), the 
mechanisms of quiescence induced by serum starvation in 
fibroblasts and those induced by steroid depletion in malignant 
breast epithelial cells differ importantly. Our data demonstrate 
that the cell cycle arrest induced by estradiol depletion or ER 
blockade requires both p21 and p27 and that these KIPs are not 
merely up-regulated as a consequence of cell cycle arrest. 

Mitogenic effects of estradiol include the up-regulation of cyclin 
Dl through increased transcription (42, 43) and stabilization of 
Qfclin Dl protein by assembly with cdk4 and cdk6 (53,54), the latter 
mediated by p21 and p27 (37, 41). In addition, the present data 
establish definitively that estradiol-mediated losses of p21 and p27 
relieve the inhibition of cyclin E-cdk2 (31, 32, 42). 

In estradiol-depleted MCP-7, although p21 and p27 were 
abundant, they were not competent to stabilize cyclin Dl via 
assembly with its cdk partners. Cydin Dl synthesis is detectable 
in metabolically labeled quiescent breast epithelial cells, but its 
association with cdk4 or cdk6 is detectable only several hours 
after mitogenic stimulation (ref. 36 and S. Cariou and J. Sling- 
erland, unpublished results). Thus, an important effect of estra- 
diol may be the conversion of p21 and p27 from a form that does 
not support assembly of cyclin D-cdk complexes in Go, to one 
that does. Similarly, in serum-starved fibroblasts, p27 did not 
support cyclin Dl-cdk4 complex formation even srfter ectopic 
cyclin Dl overexpression (55). Moreover, in p21/p27 null cells,, 
overexpression of cyclin Dl did not permit its assembly with cdk4 
(41). After estradiol stimulation in MCF-7, KIP-cyclin Dl-cdk4 
assembly occurred at 6-9 h, whereas the loss of p27 and p21 from 
cyclin E complexes was notable only somewhat later, after the 
time of peak sequestration of these KIPs in cyclin Dl complexes. 
Although induced overexpression of cyclin Dl can abrogate 
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antiestrogen arrest (42, 43), the physiologic up-regulation of 
cyclin Dl stimulated by estradiol in MCF-7 may be insufficient, 
on its own, to mediate the shifts of the KIPs out of cdk2. 

The ubiquitin-mediated degradation of p27 (56-59) requires 
its phosphorylation on Thr-187 (45-47). Degradation of p21 is 
also proteasome dependent but may differ importantly from that 
of p27 (44). Although cyclin E-cdk2 acts in vitro and in vivo to 
phosphorylate p27 on Thr-187, other kinases may act on p27 
before its degradation. The transition of p21 and p27 from potent 
inhibitors of cyclin E-cdk2 in Go to cyclin D-dependent kinase 
assembly factors may require phosphorylation early in Gi, before 
cyclin E-cdk2 activation. We have observed an increase in p27 
phosphorylation before the reduction in its steady-state levels in 
estradiol-stimulated MCF-7 (S. Cariou and J. Slingerland, un- 
published results). Mitogen-activated protein kinase activation 
has been implicated in p27 degradation (60, 61). It will be of 
interest to determine whether the estradiol-dependent activation 
of mitogen-activated protein kinase (16,17) or other mitogenic 
kinase pathways regulate the transition of p21 and p27 from 

high-affinity inhibitors of cyclin E-cdk2, to activators of cyclin 
Dl-cdk assembly. 

The approximation that over 4 million women with breast 
cancer are on Tamoxifen worldwide is a minimal estimate (refs. 
3 and 4 and V. C. Jordan, personal communication). An 
increasing body of in vitro data and metaanalysis of large patient 
cohorts have confirmed the requirement for ER expression for 
the therapeutic efficacy of Tamoxifen (3, 4). The present study 
suggests that, in addition to the ER, a breast cancer cell must 
express functional p21 and p27 for Tamoxifen or Faslodex (IQ 
182780) to mediate cytostatic effects. These observations raise 
the hypothesis that deregulation and loss of these KIPs may 
.underlie the clinical phenomena of hormone independence and 
antiestrogen resistance in breast cancer. 
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Antiestrogens, such as the drug tamoxifen, inhibit 
breast cancer growth by inducing cell cycle arrest. An- 
tiestrogens reqiure action of the cell cycle inhibitor 
p27Kipi JQ mediate Gj airest in estrogen receptor-posi- 
tive breast cancer cells. We report that constitutive ac- 
tivation of the mitogen-activated protein kinase (MAPK) 
pathway alters p27 phosphorylation, reduces p27 pro- 
tein levels, reduces the cdk2 inhibitory activity of the 
remaining p27, and contributes to antiestrogen resist- 
ance. In two aritiestrogen-resistant cell lines that 
showed increased MAPK activation, inhibition of the 
MAPK kinase (MEK) by addition of U0i26 changed p27 
phosphorylation and restored p27 inhibitory function 
and sensitivity to antiestrogens. Using antisense p27 
oligonucleotides, we demonstrated that this restoration 
of antiestrogen-mediated cell cycle arrest required p27 
function. These data suggest that oncogene-mediated 
MAPK activation, frequently observed in hiunan breast 
cancers, contributes to antiestrogen resistance through 
p27 deregulation. 

p27kipi jg g member of the KIP^ (kinase inhibitory protein) 
family of cdk inhibitors that regulate the cyclin-cdk complexes 
governing cell cycle transitions (1). The importance of p27 as a 
Gi-to-S phase regulator is highlighted by the finding that an- 
tisense-mediated inhibition of p27 expression is sufficient to 
induce cell cycle entry in quiescent fibroblasts (2) and in ste- 
roid-depleted breast cancer cells (3). p27 protein levels are high 
in GQ and early G^ during which time p27 binds tightly and 
inhibits cyclin El-cdk2. p27 translation rates decrease, and its 
proteolysis increases during G^-to-S phase progression, leading 
to p27 protein loss as cells enter S phase (4-6). p27 proteolysis 
is regulated by phosphorylation of p27 on threonine 187 (Thr- 
187) by cyclin El-cdk2 (7, 8). While mutations or deletions in 
the p27 gene are uncommon (9, 10), p27 degradation is in- 
creased in many cancers, including breast cancer (11, 12). 
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An increasing body of data suggests that p27 is regulated by 
mitogenic signal transduction pathways, including Ras- 
dependent activation of the mitogen-activated protein kinase 
(MAPK) pathway (13-17). Many mitogens increase the cellular 
levels of GTP-bound Ras, leading to activation of the down- 
stream target, Raf-1. The Raf-1 kinase can phosphorylate and 
activate the dual specificity kinases MEKl and MEK2, which 

- in turn activate MAPK (also known as p42^''^ and p44^'''^). 
Once activated, MAPK can phosphorylate several nuclear tran- 
scription factors including Myc, Elk, and Rsk (for review, see 
Ref. 18). p27 itself has several MAPK consensus sites, and 
MAPK can phosphorylate p27 in vitro (16) and reduce the 
ability of recombinant p27 to bind and inhibit cdk2 in vitro (15). 
While constitutive activation of Ras-MAPK can reduce p27 
inhibitory function in immortal and cancer-derived lines, it is 
not clear whether MAPK directly regulates p27 during cell 
cycle progression in normsd cell types. 

Studies of p27 regulation by the Ras-MAPK pathway were 
initially carried out in fibroblasts (15, 19, 20). In N1H3T3 
fibroblasts, Ras signaling is required for the down-regulation of 
p27 as cells approach the G^-to-S phase transition (13, 20). 
Introduction of a dominant negative ras mutant prevented the 
loss of p27 in response to serum and inhibited S phase entry. 
Others have reported that Ras-MAPK activation reduces the 
ability of p27 to inhibit cdk2 through sequestration of p27 into 
cyclin Dl-cdk4 complexes, rather than by promoting p27 pro- 
tein loss (14). 

Constitutive activation of the MAPK cascade may contribute 
to malignant progression of many human cancers (21). Al- 
though the causes of MAPK activation differ among tvunors, in 
many cancers constitutive signaling fi-om cell surface tyrosine 
kinsise receptors contributes to activation of the Ras-Raf-1- 
MEK-MAPK pathway. For example, the epidermal growth fac- 
tor receptor and HER2/c-ErbB-2, both of which activate the 
Ras-MAPK pathway, are bverexpressed in up to 20 and 30% of 
breast cancers, respectively. Overexpression of these receptors 
has been associated with antiestrogen resistance and poor 
prognosis in primary breast cancers (22-27). Tissue culture 
models suggest that elevated MAPK activity may contribute to 
estrogen-independent growth of breast cancer cells (28-30). 

Antiestrogen drugs, such as tamoxifen, are effective in the 
treatment and prevention of breast cancer (31-33). However, 
only two-thirds of estrogen receptor (ER)-positive breast can- 
cers respond initially to antiestrogen therapy, and even sensi- 
tive tumors invariably acquire antiestrogen resistance (34). In 
most cases, acquired resistance is not due to a loss or mutation 
of the ER (35, 36). Nxmierous mechanisms have been proposed 
to explain the phenomenon of tamoxifen-resistant ER-positive 
breast cancer, including altered drug metabolism (37), altered 
binding of co-activator and co-repressor molecules to the an- 
tiestrogen-ER complex (38), and altered signal transduction 

40888 This paper is available on line at http://www.jbc.org 
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pathways that modulate ER activity (39) or regulate the cell 
cycle machinery (3). 

The cell cycle inhibitor, p27'°P^ is an essential mediator of 
cell cycle arrest by tamoxifen and other antiestrogenic drugs. 
We recently demonstrated that antisense-mediated down-reg- 
ulation of p27'°P-^ abrogated antiestrogen-induced cell cycle 
arrest in the ER-positive MCF-7 breast cancer hne (3). p27 
protein levels are frequently reduced in primary breast cancers 
compared with the normeJ breast epithelium, and low p27 
protein levels are associated with poor prognosis and hormone 
independence (11, 40, 41). These observations stimulated the 
present study to investigate the relationships between Ras- 
MAPK pathway activation, antiestrogen resistance, and p27 
function. Our data indicate that constitutive MEK activation 
alters p27 phosphorylation, reduces p27 inhibitory activity, 
and contributes to antiestrogen resistance in breast cancer. 

EXPERIMENTAL PROCEDURES 

Cell Culture~UCF-7 cells (42) and LY-2 cells (43) were obtained 
from the laboratory of M. Lippman. The LCC2 line was a gift from G. 
Clarke (44). MCP-7 cells, stably transfected with full-length HER2 
cDNA (MCF-7/HER2-18), were kindly provided by C. Arteaga. All lines 
were grown in improved-modified essential medium (option Zn'*) sup- 
plemented with insulin and 10% fetal calf serum. 

Flow Cytometric .Analysis—Cells were pulse-labeled with 10 JUM bro- 
modeoxyuridine (BrdUrd) for 2 h and then fixed, stained with anti- 
BrdUrd-conjugated fluorescein isothiocyanate (Becton Dickinson) and 
counterstained with propidium iodide as described (45). Cell cycle anal- 
ysis was carried out on a Becton Dickinson FACScan and Cell Quest 
Software. Values given for flow cytometric analysis represent the mean 
of repeat assays. 

Cell Cyde Effects of Antiestrogens and MEK Inhibition—Far comparison 
of the effects of antiestrogens in MCF-7, MCF-7 transfectants, or LY-2 cell 
lines, cultures were treated by addition of 1 fiM 4-hydro3cy-tamo3dfen (4-OH- 
TAM) (Sigma) or 10 nin ICI182780 (7o-(9-(4,4,5,5,5-pentafluoropentylsu]fi- 
nyl) nonyl)estra-l,3,5, (10)-triene-3,17/3-diol, from Zeneca Pharmaceuticals) 
to complete medium, and samples were collected at 48 h thereafter for 
protein and flow cytometric analysis. The effects of MEK inhibition on the 
cell cyde were assayed following addition of 0.1 |iM U0126 (Promega) for 2 or 
24 h prior to recovery for immtmoblotting or flow cytometric analysis. The 
effects of MEK inhibition on antiestrogen sensitivity in the antiestrogen- 
resistant lines, LY-2 or MCF-7/HER2-18, were assayed by treating cells 
with 0.1 iiM U0126 for 2 h followed by an additional 48 h with either 1 /tiM 
4-OH-TAM or 10 nM ICI 182780 prior to recoveiy of cells for protein or flow 
cytometric analysis. 

Antisense Oligonucleotide Transfections—Antisense experiments 
were carried out as described (3). Phosphorothioate oUgonuclebtide 
sequences were as follows: GS5422 antisense p27 (ASp27) 5'-TG- 
GCTCTCXTGCGCC-3'; GS5585 mismatch p27 (MSMp27) 5'-TG- 
GCTCXGTTGCGCC-3'; X^ indicates the G-damp modification of these 
oligonucleotides. The specificity of these oligonucleotides for p27 has 
been documented (2, 3). LY-2 cells were rendered quiescent by the 
addition of 0.1 iM U0126 (Promega) for 2 h followed by antiestrogen 
treatment (10 nM ICI 182780, or 1 jiM 4-OH TAM) for a further 48 h. 
Quiescent cells were then transfected with 120 nM oUgonucleotides 
vising 2.5 /Lg/ml cytofectin G3815 (Gilead Scientific, Foster City, Cali- 
fornia) for 6 h, followed by replacement with complete medium supple- 
mented by U0126 and antiestrogen. Flow cytometry and proteins were 
analyzed prior to transfection and at 21 h thereafter. 

Immunoblotting—Cells lysis anf immunoblotting were as described 
(45). Equal protein loading was verified by blotting for ;8-actin. To assay 
cyclin El complexes, cyclin El was immunoprecipitated from 200 /ig of 
protein lysate. Inmmnoprecipitates were resolved, transferred, and 
blotted with cyclin El, cdk2, and p27 antibodies. Antibody alone con- 
trols were run along side inununopredpitates. 

Antibodies—Monoclonal antibodies to p27 were obtained from Neo- 
markers (DCS-72) or Transduction Laboratories. p27 rabbit polyclonal 
serum (pAb5588) was provided by H. Toyoshima and T. Hunter (Salk 
Institute). Antibodies to p21 were from Santa Cruz, to cdk2 (PSTAIEE) 
from S. Reed (The Scripps Research Institute), to MEK, MAPK, and 
phospho-MAPKfrom New England Biolabs, to p-actin from Sigma, and 
to cycUn El (mAbs E12 and E172) from E. Harlow (Massachusetts 
General). These cycUn El antibodies are specific for cyclin El(46). The 
ER antibody H222 was provided by Dr. G. Greene. 

Cyclin-dependent Kinase Assays—Cyclin El or p27 complexes were 
immunoprecipitated from 100 /ig of protein lysate and reacted with 
[•y-'^P]ATP and histone HI as described(45). Radioactivity incorporated 
in histone substrate was quantitated using a Molecular Dynamics Phos- 
phorlmager and ImageQuant sofl;ware. To determine background IgG- 
associated activity, nonspecific mouse IgG (for cyclin El-cdk2 assays) or 
polyclonal rabbit IgG (for p27-associated kinase) immimopredpitates 
from test lysates were collected on protein A, washed, and reacted with 
the kinase mixture as for cyclin El and p27 immunopredpitates. Ra- 
dioactivity incorporated in control nonspecific IgG immunoprecipitates 
was subtracted from test kinase values prior to graphing as in Refs. 45 
and 47. 

Production of Cyclin El-cdk2 by Baculouirus Infection ofSf-9 Cells— 
Sf-9 cells and TNM-FH media were obtained from Invitrogen. Adherent 
Sf-9 cells were co-infected with baculoviruses encoding human cyclin El 
or human cdk2 genes, and cyclin El and cdk2 were prepared as de- 
scribed (46). Sf-9 cell lysates containing cyclin El and cdk2 were used 
dfrectly in p27 inhibitor assays. 

Assays ofp27 Inhibitory Function—Cell lysates (250 /ng) fi^m asyn- 
chronously proliferating MCF-7, MCF-7/MEK^^ (Une M2), or LY-2 cells 
were immunoprecipitated with pAb5588 anti-p27 serum or control poly- 
clonal rabbit IgG, and precipitates were collected on protein A-Sepha- 
rose beads. For testing heat-stable p27 inhibitor activity, p27 immuno- 
predpitates were washed, then boiled for 5 min in 200 yX of reaction 
buffer, placed on ice, and then cleared by centrifugation. The p27 in the 
supernatant was recovered, and recombinant cyclin El-cdk2 and dithi- 
othreitol (1 mM final) were added and incubated at 30 'C for 30 min, 
followed by immunopredpitation with either anti-cyclin El (mAbE172) 
or control polyclonal mouse IgG (Sigma). The im-inhibited control re- 
combinant cyclin El-cdk2 was treated with reaction buffer and incu- 
bated at 30 °C for 30 min without any added p27. Complexes were 
subsequently'assayed for HI kinase activity, and resulting activities 
were graphed as a % maximran un-inhibited cyclin El-cdk2 activity. 

Two-dimensional Isoelectric Focusing (2D-IEF) and Phosphatase 
Treatment—Cells were lysed in ice-cold 0.1% Tween 20 lysis buffer (50 
mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, pH 8.0, 2.5 mM EGTA, 
pH 8.0, 10% glycerol, 10 mM p-glycerophosphate, 1 mM NaF, 0.1% 
Tween 20,1 mM phenylmethylsulfonyl fluoride, 0.1 mM NajVO^, 0.5 mM 
dithiothreitol, and 0.02 mg/ml each of aprotinin, leupeptin, and pepsta- 
tin). For 2D-IEF, p27 immunopredpitates were denatmred in 8 M urea, 
loaded onto immobilized non-linear pH gradient (pH 3-10) lEF strips 
and focused at 50,000 volt-hour using the IPGphor lEF system (Amer- 
sham Pharmacia Biotech). These assays yield highly reprodudble elec- 
trophoretic resolution of isoforms because of the covalent Unkage of the 
electrophoresis medium to a matrix. The lEF strip was equilibrated in 
50 mM Tris, pH 8.8, 6 M urea, 30% glycerol, and 2% SDS for 30 min 
before loading for SDS-polyacrylamide gel electrophoresis. Gels were 
transferred to polyvinyKdene difluoride membrane, p27 isoforms were 
detected by immunoblotting using p27 antibody from Transduction 
Labs, and proteins were detected using enhanced chemiluminescence 
(ECL). For 2D-IEF of cyclin El-bound p27, 3 mg of protein lysate was 
immunoprecipitated with the monoclonal mAb E172 antibody. Densi- . 
tometric analysis of multiple ECL film exposures from repeat assays 
was used to determine the ratios of the various p27 isoforms. For 
phosphatase treatment, p27 immunopredpitates were washed twice 
with phosphatase buffer (50 roM Tris, pH 8.0, 10% glycerol) and then 
incubated at 37 °C overnight with 66 units per 10 iil of reaction of calf 
intestinal alkaline phosphatase (Roche MoleaJar Biochemicals). To 
confirm that the most positively charged p27 isoforms represented 
unphosphorylated p27, cells were labeled with PPJorthophosphate (1 
mCi/lOO-dish) for 3 h, and p27 immunopredpitates were isolated and 
subjected to 2D-IEF. p27 immunopredpitated from unlabeled cells was 
resolved by 2D-IEF in parallel witii the labeled p27, and the resolution 
pattern of the cold p27 was compared with the phosphate-labeled p27. 

RESULTS 

p27 Deregulation in Antiestrogen-resistant LY-2—^We com- 
pared p27 levels in antiestrogen-sensitive MCF-7 (42) and the 
resistant MCF-7 derivative, LY-2 (43). The loss of antiestrogen 
responsiveness in LY-2 was not due to a loss of p27 protein 
(Fig. lA). 

The association of p27 with cyclin El-cdk2 was assayed in 
asynchronously growing and antiestrogen-treated MCF-7 and 
LY-2 cells (Fig. LB). Asynchronously proliferating LY-2 and 
MCF-7 cells had similar cell cycle profiles (Fig. LB). When 
equal amounts of cyclin El were immunoprecipitated, the 
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FIG. 1. Antiestrogen-resistant LY-2 show altered p27 regula- 
tion. A, asynchronously growing MCF-7 and LY-2 cell lysates were 
ansdyzed by Western blotting using the antibodies indicated. B, cyclin 
El immunoprecipitates (IP) from asynchronously proliferating and ICI 
182780 (ICI)-treated cells were resolved and assayed for associated p27, 
p21, and cdk2 by immunoblotting or analyzed for associated histone HI 
kinase activity as described under "Experimental Procedures." The cell 
cycle profiles from flow cytometric analysis are shown. C, lysates from 
asynchronously proliferating cells were analyzed for levels of total and 

. active phospho-MAPK. 

amount of p27 boiind to cyclin El-cdk2 in asynchronously 
growing LY-2 was nearly 4-fold higher than that in asynchro- 
nous MCF-7. There was no compensatory decrease in p21 bind- 
ing to cyclin El in proliferating LY-2. Levels of cyclin El-bound 
p21 were similar in proliferating MCF-7 and LY-2. Cyclin El- 
bound cdk2 levels were similar in the two lines eind were not 
affected by antiestrogens. Despite the increased p27 bound to 
cyclin El-cdk2 in proliferating LY-2 cells, the histone HI ac- 
tivity of these complexes was not reduced compared with cyclin 
El-cdk2 from asynchronous MCF-7 (Fig. IB). Antiestrogen 
treatment of MCF-7 with either ICI 182780 (ICI) or 4-OH-TAM 
(data shown here for ICI) caused a 3- to 5-fold increase in p27 
binding to cyclin El-cdk2, a 3-fold increase in cyclin El-bound 
p21, inhibition of this kinase, and G^ cell cycle arrest. Anties- 
trogen treatment of LY-2 caused a minimal increase in p21 
binding, no change in the amount of p27 bound to cyclin El- 
cdk2, no significant inhibition of cyclin El-cdk2 activity, and no 
change in the cell cycle profile (Fig. IB). These data suggested 
a functional alteration of p27 in LY-2 cells. 

Since MAPK had been shown to alter p27 function in fibro- 
blasts (15, 19, 20), we assayed MAPK activity by Western 
blotting using phospho-specLfic antibodies that detect activated 
MAPK Although total MAPK protein levels were similar in 
LY-2 and MCF-7 cells, the levels of phosphorylated MAPK 
(both p42 ERK2 and p44 ERKl) were elevated nearly 8-fold in 
LY-2 (Fig. IC). We also observed elevated MAPK activity in two 
other MCF-7 derived antiestrogen-resistant cell lines, LCC2 
and MCF-7/HER2-18 (data not shown). 

MEKl-transfected MCF-7 Lines Show Antiestrogen Resist- 
ance arid Altered Binding ofp27 to Cyclin El-cdk2—To deter- 
mine whether the increased MAPK activity observed in the 
antiestrogen-resistant lines was causally linked to the anties- 
trogen-resistant phenotype, we transfected MCF-7 cells with 
activated MEKl {MEK^^) or an active ERK2 allele {ERK2- 
MEK) and assayed stable transfected cell Unes for antiestrogen 

sensitivity. Transfectants showed MAPK activation compared 
with parental cells and empty vector controls (representative 
data shown for MEK^^ transfectants, labeled Ml and M2 in 
Fig. 2A). Of note, both p21 and p27 levels were reduced in 
MEK^^ transfectants (Fig. 2A). The level of the ER protein was 
not affected by the degree of MAPK activation achieved in 
these cells (data not shown). Asynchronously growing MAPK- 
activated lines and empty vector controls showed similar cell 
cycle profiles (Fig. 28). Lines with constitutive MAPK activa- 
tion showed partial resistance to 4-OH-TAM or ICI compared 
with the parental or vector alone controls (Fig. 2B). 

Levels of cyclin El-associated p21 and p27 were assayed in 
asynchronous MEK^^ transfected lines and in the empty vector 
controls (Fig. 2C). Although densitometric analysis showed 
that total p27 levels in asynchronously growing MEI^^ trans- 
fectants were reduced by up to 3-fold compared with controls, 
the amount of p27 detected in cyclin El-cdk2 complexes was 
not reduced (Fig. 2, C and D). Despite the similar amounts of 
both p27 arid p21 bound to cyclin El in proliferating MEK^^ 
and control lines, equal amounts of cyclin El-cdk2 showed 
approximately 2-fold higher kinase activity in MEK^^ trans- 
fectants compared with empty vector controls (Fig. 2, C and B). 
There was no change in cdk2 binding to cyclin El, and the 
subtle increase in the proportion of the faster mobility, CAK- 
activated cdk2 bound to cyclin El would not suffice to mediate 
the 2-M6. increase in cyclin El-cdk2 activity in the MEK^^ 
lines (Fig. 2C). MCF-7 lines with constitutive MEKl activation 
showed no increase in p27 binding to cyclin El following an- 
tiestrogens compared with that in parental MCF-7 or in the 
empty vector controls (representative data in Fig. 2D). The 
modest increase of p21 binding to cyclin El-cdk2 may mediate 
the partial cell cycle inhibition after antiestrogen treatment of 
the M2 clone. Earlier work has established that increased KIP 
binding to cyclin El-cdk2 in MCF-7 is essential for G^ arrest by 
antiestrogens (3, 48). Thus, MAPK activation via MEEP^ or 
£/J£i2-MEiirtransfection may contribute to antiestrogen resist- 
ance, at least in part, by impairing the antiestrogen-mediated 
increase in p27 binding to cyclin El-cdk2. 

Altered p27 Phosphorylation in Antiestrogen-resistant 
Lines—The MAPK-activated transfectants and LY-2 cells 
show a number of similarities. Both showed more abundant 
p27 binding to cychn El-cdk2 in asynchronously proliferating 
cells than would have been predicted from the respective 
total cellular abundance of p27, and antiestrogens failed to 
cause an accumulation of p27 in cyclin El-cdk2 complexes. 
We postulated that differences in p27 phosphorylation may 
be associated with these differences in p27 function. Under 
most one-dimensional SDS-polyacrylamide gel electrophore- 
sis conditions, p27 does not show reproducible differences in 
gel mobility. 2D-IEF allowed resolution of different p27 phos- 
pho-isofofins that are not apparent on single dimension gel 
electrophoresis. 2D-IEF showed a reproducible difference be- 
tween the phosphorylation profile of p27 in the antiestrogen- 
sensitive and -resistant lines. 2D-IEF of p27, using an am- 
photeric carrier with a non-linear pH range of 3-10, showed 
five p27 isoforms present in all three lines (labeled 1-5 in Fig. 
2E). Form 1 migrates at the predicted isoelectric focusing 
point for p27 (pH = 6.54). Phosphatase treatment of the p27 
immunoprecipitates confirmed that most of these different 
isoforms represent different phosphoforms of p27 (Fig. 2E). 
The minor amount of form 2 remaining after phosphatase 
treatment may reflect incomplete dephosphorylation. Alter- 
natively, this may represent a hypophosphorylated form of 
p27 in which post-translational modification (e.^. myristyla- 
tion) confers a more negative charge. When cells were 
[^^P]orthophosphate-labeled prior to p27 immunoprecipita- 
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B IUlCF-7 IMEK (M2) 

FIG. 2. MAPK activation contrib- 
utes to p27 deregulation and anties- 
trogcn resistance. A, the levels of active 
phospho-MAPK, p27, and p21 were ana- 
lyzed in two control cell lines transfected 
with empty vector (Cl, C2) and in two 
MEK overexpressing MCF-7 clones (Ml, 
M2). B, the cell cycle profiles of asynchro- 
nously proliferating and antiestrogen- 
treated MEK transfectants were com- 
pared with empty vector controls. C, 
cyclin El-bound p27 and cdk2 and cyclin 
El-associated kinase activities were as- 
sayed as in Fig. IB. D, cyclin El-bound 
p21 and p27 were assayed before (-) and 
after (+) ICI treatment. JB, p27 immuno- 
precipitates from asynchronously prolif- 
erating MCF-7, LY-2, and MEK™-trans- 
fectant and (M2), were analyzed by 2D- 
lEF. The 2D-IEF of phosphatase-treated 
p27 from MCF-7 cells is shown in the 
upper panel. The different p27 isoforms 
were quantitated by densitometry. 
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tion and resolution by 2D-IEF, isoforms 1 and 2 were not 
radiolabeled, confirming their hypophosphorylated state 
(data not shown). 

The relative abundance of the different isoforms of p27 dif- 
fered between MCF-7 and the MAPK-activated lines, LY-2 and 
MCF-7/MEK'^^. In MCF-7, most of the p27 focused as isoform 
1 vidth a lesser amount as isoform 3, and the ratio of these two 
forms (isoform l:isoform 3) quantitated by densitometry was 
3:1. The 2D-IEF patterns of p27 from LY-2 and the MEK 
transfectants were similar, and both differed from that seen in 
MCF-7. In these antiestrogen-resistant Unes, form 3 showed 
greater relative abimdance and the ratios of form 1 to form 3 
were similar (-1:1 in MEK^^ clone M2 and LY-2, Fig. 2E). 
These observations support the notion that MEK/MAPK acti- 
vation modulates p27 phosphorylation in these resisteint cell 
lines. 

MEK. Inhibition Restores Sensitivity to Antiestrogen-medi- 
ated Cell Cycle Arrest—Treatment of the LY-2 hne with 0.1 /iM 
of the MEK inhibitor, U0126, caused a 2.5-fold reduction of 
phospho-MAPK levels without affecting the total MAPK pro- 
tein levels (Fig. 3A). Although this low dose of U0126 alone did 
not affect the cell cycle profile of the LY-2 cells, treatment vsrith 
the combination of 0.1 /AM U0126 and either 1 pM 4-OH-TAM or 
10 nM ICI led to a G^ arrest (data shown for ICI treatment. Fig. 
3, B and C). MEK inhibition by 0.1 fiM U0126 also restored 
4-OH-TAM or ICI-mediated G^ arrest in the antiestrogen-re- 
sistant HER2/ErbB-2 overexpressing line, MCF-7/HER2-18 
(Fig. 3B). The G^ arrest following the combination of MEK 
inhibition and antiestrogen treatment in LY-2 (UH-ICI) was 
accompanied by a 5-fold increase in the binding of p27 to cychn 
El-cdk2 complexes (Fig. 3C) and inhibition of cyclin El-cdk2 
activity (data not shown). p21 binding to cyclin El-cdk2 was 
also modestly increased, and the proportion of CAK-phospho- 
lylated cdk2 (faster mobility) bound to cyclin El was modestly 
reduced by the combined ICI 182780 and U0126 treatment. 

The Arrest of LY-2 by MEK Inhibition and Antiestrogens Is 
p27-dependent—The increase in p27 association with cyclin 
El-cdk2 in LY-2 cells treated by the combination of 0.1 /iM 
U0126 and 10 nM ICI wsis similar to that seen following anties- 
trogen treatment in the sensitive MCF-7 hne (see Figs. IB auid 
3C). We postulated that MAPK inhibition in LY-2 enhanced the 
cdk2 inhibitory function of p27 to facilitate cell cycle arrest by 
antiestrogens. If this were the case, then antisense-mediated 
inhibition of p27 expression in the U0126/ICI treated cells 
should abrogate this drug-mediated arrest. U0126/ICI-arrested 
LY-2 cells were transfected with either antisense p27 (ASp27) 
oligonucleotides or mismatch control ohgonucleotides (MSp27) 
or mock transfected. with lipid only (control, C), and cells were 
recovered for flow cytometry and protein analysis at 21 h fol- 
lowing completion of ASp27 transfection. The inhibition of p27 
expression in ASp27-treated cells lead to cell cycle re-entry 
with —23% cells in S phase at 21 h, in contrast to 8 and 9% of 
cells in S phase following Hpid only (control, C, or mismatch 
(MSp27) transfection (Fig. 3D). The ASp27-mediated cell cycle 
re-entry was associated with loss of cyclin El-bound p27 and 
cyclin El-associated kinase activation (Fig. 3D). Control (Upid 
alone) and MSp27-transfected groups showed no cyclin El- 
cdk2 activation. We also observed a similar result using the 
combination of 0.1 /m U0126 and 1 /IM 4-OH-TAM (data not 
shown). Thus, in the LY-2 hne, p27 became an essential medi- 
ator of Gx arrest by antiestrogens following partial MEK/ 
MAPK inhibition. 

p27-immunoprecipitable Kinase Activity in Antiestrogen- 
treated LY-2 Cells—Prohferating LY-2 cells, with and without 
antiestrogen treatment, showed more abundant p27 associa- 
tion with active cyclin El-cdk2 than was detected in inhibited 
cyclin El-cdk2 complexes from antiestrogen-arrested MCF-7 
cells (Fig. IB). These data suggested impaired inhibitory func- 
tion of cyclin El-bound p27 in LY-2 cells. p27 immtmoprecipi- 
tates were tested for associated histone HI kinase activity in 
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FIG. 3. Inhibition of MAPK restores 
sensitivity to antiestrogens in LY-2. 
A, asynchronously growing LY-2 or LY-2 
cells treated with 0.1 /iM U0126 were as- 
sayed for levels of total and active MAPK 
by immunoblotting. B, the cell cycle pro- 
file of LY-2 and MCF-7/HER2 cells were 
measured in asynchronously proliferat- 
ing, ICI-treated and 0.1 >i.M U0126 + ICI 
(U+ICI)-treated cells. C, LY-2 cells 
treated for 48 h with ICI, U0126 iU) or the 
combination of U0126 + ICI (.U+ICD and 
cell cycle profiles assayed by flow cytom- 
etry. Cyclin El immunoprecipitates were 
resolved and analyzed by inununoblotting 
with the indicated antibodies. D, LY-2 
cells treated with the combination of 
U0126 + ICI were lysed before (0 h) or 
21 h after transfection with Upid only 
(control group, C), ASp27 oligonucleotides 
(ASp27), or MSp27 oHgonucleotides 
(MSp27). Cyclin El immunoprecipitates 
were resolved and associated proteins de- 
tected by iramunoblotting. The % S phase 
cells and cyclin El-associated Idnase ac- 
tivities in each treatment group are 
shown. 
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LY-2 and MCF-7 cells. Cdk2 complexes, but not cdk4 and 6 
complexes, can use his"tone HI as substrate. Histone HI kinase 
activity was detected in p27 immunoprecipitates from asyn- 
chronous and ICI-treated LY-2 cells, but was negligible in 
asynchronous and ICI-treated MCF-7 when background activ- 
ity in nonspecific sintibody control immunoprecipitates was 
subtracted (Fig. 4A). The combination of 0.1 fjM U0126 and 10 
nM ICI 182780 (U-HlCI) inhibited the p27 immunoprecipitable 
kinase activity in LY-2 (Fig. 4A). Parallel p27 immunoprecipi- 
tates were resolved and blotted for associated cdk2, cyclin El, 
and cyclin A. The amounts of cyclin and cdk2 bound to p27 in 
ICI-treated LY-2 and MCF-7 were similar, and there was no 
loss of p27-bound cyclin or cdk2 following ICI plus U0126 
treatment LY-2 cells (data not shown). 

MEK Activation Modulates p27 Inhibitory Function—^The in- 
hibitory activity of p27 toward recombinant cyclin El-cdk2 was 
compared in the MCF-7 and LY-2 lines (Fig. 4B), in the MCF-7/ 
MEK-EE transfectant, M2, and in the empty vector control line, 
C2 (Fig. 4C). Equal amounts of p27 protein were immunoprecipi- 
tated from the indicated ceU lines and boiled to release associated 
proteins, and then heat-stable p27 was tested for its ability to 
inhibit a fixed amount of recombinant cyclin El-cdk2. The cyclin 
El-cdk2 complexes were then immunoprecipitated, and kinase 
activity was assayed. The activity of the p27-treated cyclin El- 
cdk2 was expressed as a % of control, uninhibited cyclin El-cdk2. 
p27 fi^m the MCF-7 line had approximately four times the in- 
hibitory potency as p27 from the LY-2 line (Fig. 4B). Similarly, 
MEK overexpression in the M2 line impaired the inhibitory func- 
tion of p27 (Fig. 4C). The cyclin El-cdk2 inhibitory activity of 
increasing amounts of p27 from the MEK^^-transfected M2 line 
was compared with that of p27 from the vector alone control, C2. 
Even a 3-fold (3x) excess of p27 in the M2 line did not achieve the 
same level of cyclin El-cdk2 inhibition shown by p27 (IX) from 
the control Une. 

MEK Inhibition Modulates p27 Phosphorylation—Our anti- 
sense experiments showed that p27 is essential for the smties- 
trogen arrest of LY-2 following partial MEK- inhibition (Fig. 
3D). Since MEK inhibition restored antiestrogen arrest, we 
postulated that MEK inhibition might alter p27 phosphoryla- 
tion. As seen in asynchronously proliferating cells (Fig. 2E), the 
2D-IEF_of p27 from antiestrogen-treated MCF-7 and LY-2 cells 
showed five distinct p27 isoforms (labeled 1-5 in Fig. 5A) with 
isoforms 1 and 3 again being the inost abundant. p27 from 
antiestrogen-arrested MCF-7 showed a predominance of iso- 
form 1, with the ratio of isoforms 1 to 3 being 2:1. In antiestro- 
gen-treated LY-2 cells, form 3 was the pi-edominant form, with 
the isoform Irisoform 3 ratio at 1:2. Treatment with 0.1 tiM 
UO126 together with either 4-OH-TAM or ICI changed the p27 
phosphorylation profile in LY-2 cells to one that more closely 
resembled that in antiestrogen-arrested MCF-? cells, with the 
p27 isoform 1 more abundant than isoform 3 at a ratio of 2:1 
(data shown for ICI treatment in Fig. 5A). In aU cell types, ICI 
treatment increased the relative abundance of isoforms 4 and 5 
compared with that of untreated cells. 

We tested whether the changes in total cellular p27 phos- 
phorylation were reflected by changes in the phosphorylation of 
cyclin El-bound p27 (Fig. 55). Cyclin El-bound p27 in the 
ICI-treated LY-2 line showed a predominance of isoform 3 (the 
ratio of isoform l:isofonn 3 was 1:6 by densitometry), whereas 
LY-2 cells arrested by the combination of MEK inhibition and 
antiestrogen showed a cyclin El-associated p27 phosphoryla- 
tion pattern more closely resembling that in antiestrogen-ar- 
rested MCF-7 (isoform l:isoform 3 ratio nearly 1:1 in both). 
These data suggest that the combination of MEK inhibition 
and eintiestrogen treatment may restore the cyclin El-cdk2 
inhibitory function of p27 in LY-2, at least in part, by altering 
p27 phosphorylation. 
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FIG. 4. MEK inhibition partially re- 
stores p27 inhibitory function and 
changes the pattern of p27 phospho- 
rylation. A, equal amounts of p27 were 
predpitated from asynchronous (lanes 1, 
4) and ICI-treated LY-2 and MCF-7 cells 
(Zones 2, 5) and from LY-2 cells treated 
with both U0126 + ICI (.lane 3) and ana- 
lyzed for associated histone HI kinase ac- 
tivity. Radioactivity in the histone HI 
substrate was quantitated by Phosphor- 
Imager and expressed as a percentage of 
maximum activity after subtraction of 
background from IgG control (lane 6) and 
graphed. The inset shows the autoradio- 
gram of activity in histone HI. The data 
presented are &e mean of repeat experi- 
ments. B, p27 was immunoprecipitated 
from asynchronously proliferating MCF-7 
and LY-2 lysates and boiled, and equal 
amounts of p27 were added to recombi- 
nant cyclin El-cdk2. Cyclin El complexes 
were then immunoprecipitated and as- 

' sayed for histone HI (HI) kinase activity. 
Inhibition of cyclin El-cdk2 activity by 
added p27 is shown. Radioactivity incor- 
porated into the histone HI substrate is 
shown in the autoradiograph (see inset, 
upper i^ht) and graphed as % maximum 
uninhibited cyclin El-cdk2 activity. 
Mouse IgG served as an immunoprecipi- 
tatioh control. C, equal amounts of p27 
were immunoprecipitated from the asyn- 
chronously proliferating MCF-7/MEK^^ 
done (M2) or from the empty vector con- 
trol (C2) and cyclin El-cdk2 inhibitor 
function assayed as in £. 

^  100. 

C   (0 
■S   (D 
(0  V)     50 
E « 
^2 

1    2 3  4   5 IgG 

B 

E > 
c nj 
X   0) 
«3   0) 
E (° 
S52 

.itmmm»»*mm l-iCI 

D + ICI I i-. 0 + ICI + UO126 

1     2 3    4 5 
^ f      1—1 
LY-2       WICF-7 

■ H1 
123lgG 

1 2 3 
E1/k2    WICF-7    LY-2 
alone 

100' 

E > 
C (0 

■>< a> 
to v> 
E <° 
o .E 

50- 

H1:   #1 

C2     M2 

1X1X2X3XlgG 

lll_ 
E1/k2  IX      1X2X 3X 
alone C2     '      vj^ 

DISCUSSION 

The key roles of p21 and p27 in antiestrogen arrest have 
been demonstrated in earlier studies (3, 48). Antiestrogens 
increase cyclin El-cdk2-KIP binding, and immunodepletion of 
p21 and p27 from steroid-depleted or tamoxifen-arrested cells 
removes essentially all cellular cyclin El-cdk2 (49-51), sug- 
gesting that these cyclin complexes are fiilly saturated by p21 
or p27 in arrested cells. Recent work with antisense (AS) p27 
and p21 demonstrated that inhibition of expression of either 
KIP from antiestrogen-arrested cells leads to cell cycle re-entry 
(3, 48). In addition to increased KIP-cdk binding, other cell 
cycle effectors contribute to Gj arrest by antiestrogens. These 
include reductions in c-Myc and cyclin Dl and Cdc25A, in- 
creased pl5, and potentially, the accumulation of cdk2 in a 
non-CAK-activated form (3, 50-53). However, while induction 

of cell cycle arrest by antiestrogens has multiple effectors, the 
antisense studies demonstrate that KIP function is required for 
maintenance of arrest. Moreover, the present work indicates 
that deregulation of p27 inhibits antiestrogen responsiveness. 

Our data suggest that constitutive MEK/MAPK activation 
contributes to the development of antiestrogen resistance in 
ER-positive breast cancer cells, at least in partj by compromis- 
ing the inhibitory function of p27. We show here that a non- 
cytostatic and non-cytotoxic dose of the MEK inhibitor, U0126, 
restored sensitivity to G^ arrest by antiestrogens in the widely 
used LY-2 model of antiestrogen resistance. Moreover, trans- 
fection o{HER2 or MEE^^ into MCF-7 impaired antiestrogen 
responses. In antiestrogen-treated LY-2 and MCF-7/MEK^^ 
transfectants, p27 failed to accumulate in cyclin El-cdk2 com- 
plexes and did not inhibit this kinase. MEK inhibition by 
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form 1:3 

MCF-7 + rci !(►;•.'•     ■•*     - +   2:1 
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FIG. 5. MEK inhibition modulates p27 phosphorylation. A and 
B, the 2D-IEF patterns of immunoprecipitated p27 (A) or cyclin El- 
bound p27 (B) were assayed in MCF-7 and LY-2 cells after 48 h of 
treatment with ICI, and in LY-2 cells after 48 h treatment with both ICI 
and U0126. 

U0126 in these antiestrogen-resistant lines altered p27 phos- 
phorylation and restored the inhibitory binding of p27 to cdk2 
following antiestrogen treatment. Thus, MEK/MAPK-depen- 
dant p27 phosphorylation events are associated with a reduced 
abiUty to inhibit cdk2. 

Through the course of selection of the antiestrogen-resistant 
LY-2, p27 regulation has been altered such that its binding to 
cyclin El-cdk2 is increased without a commensurate reduction 
in cyclin El-cdk2 activity. In antiestrogen-mediated arrest of 
MCF-7, a 3-fold increase in p27 binding to cyclin El-cdk2 is 
stifBcient for cdk2 inactivation and cell cycle arrest (3). The 
approximately 4-fold increase in cyclin El-bound p27 in asyn- 
chronously growing LY-2 cells relative to that in proliferating 
MGF-7 and the failure of antiestrogens to increase p27 binding 
to cycUn El-cdk2 in LY-2 prompted further investigation of p27 
function in these lines. Indeed, both cyclin El and p27 immu- 
noprecipitates contain detectable histone HI kinase activity in 
LY-2 cells. While the p27-associated kinase activity could re- 
flect dissociation of p27 from cyclin El-cdk2 in vitro following 
immunoprecipitation of the complexes, the increased binding of 
p27 to cyclin El without loss of kinase activity in asynchronous 
LY-2 suggests that some of the cyclin El-cdk2-p27 complexes 
may retsdn activity in vivo. Detection of p27-immunoprecipi- 
table kinase activity has been reported by others (54, 55). "Die 
elevated level of p27 protein in the LY-2 line may reflect 
MAPK-independent events that have occurred throughout the 
course of selection of this line (44). 

p27 levels were reduced in the MEK'^'^ transfectants, con- 
sistent with the observation by others that Ras-MAPK contrib- 
utes to p27 degradation (15,20,56). Despite the lower total p27 
protein levels in these cells, cyclin El-bound p27 levels were 
not reduced. Moreover, while cychn El-bound p21 and p27 
levels were similar in MEK^^ transfectants eind control hnes, 
cyclin El-cdk2 activity was increased in asynchronously prolif- 
erating MEK^^ transfectants compared with controls. Thus, 
MAPK activation at the levels achieved here, may favor the 
association of p27 with cdk2 in a poorly inhibitory form, such 
that some of the cyclin El-cdk2-p27 complexes retain activity. 
This effect may be separable from the effect of MAPK on p27 
stability. p27 forms that can bind cyclin El-cdk2 but fail to 
inhibit this kinase have been modeled previously in vitro (8). 
Further evidence to support fimctional alteration of p27 in the 
LY-2 and MEK^^ transfected MCF-7 hnes is provided by as- 

says of p27 inhibitory function. p27 from both LY-2 and the 
MEK^-^-transfected line, M2, both showed a reduced ability to 
inhibit recombinant cyclin El-cdk2 in vitro. As an alternate 
model, MEK/MAPK activation may reduce the stabiUty with 
which p27 binds to cyclin El-cdk2 in vitro, allowing detection of 
this kinase activity in p27 immimoprecipitates through disso- 
ciation in vitro. A reduced ability to bind cyclin El-cdk2 could 
also account for the reduced inhibitory activity of heat-stable 
p27 isolated from the resistant lines. 

Signal transduction pathways have been shown to affect p27 
inhibitory function (15, 57), raising the possibility that phos- 
phorylation events may modulate p27 function. Overexpression 
of the integrin-linked kinase causes a reduction in inhibitory 
activity of p27 toward cyclin El-cdk2 (57). Here we showed that 
the antiestrogen ICI182780 modulates p27 phosphorylation in 
MCF-7 cells, increasing the relative amoimts of p27 isoforms 3 
5, and 6. We also showed an association between altered p27 
inhibitory function and altered phosphorylation in LY-2 and 
MCF-7/MEK^^ cells, suggesting that deregulated p27 phospho- 
rylation may be causally linked to antiestrogen resistance. 
Although MAPK can phosphorylate p27 in vitro <15-17), it is 
not known at present whether direct phosphorylation of p27 by 
MAPK occurs in vivo. The effects of MAPK on the p27 phos- 
phorylation profile may be indirect. p27 contains several po- 
tential MAPK consensus sites, including serine 10 (Ser-10), 
Ser-178, and Thr-187. Ser-10 has recently been shown to be a 
major p27 phosphorylation site in Gg-arrested cells, although it 
may not be a physiological MAPK target site (16). Since a p27 
mutation converting Ser-10 to alanine or aspartate did not 
affect the ability of p27 to inhibit cyclin El-cdk2 in vitro (16), 
the MAPK-dependent pathway that modidates both p27 phos- 
phorylation and its abihty to inhibit cdk2 cannot uniquely 
affect Ser-10. Moreover, the phosphorylation of p27 at Thr-187 
that regulates its recognition by the F box protein Skp-2, does 
not affect the cdk2 inhibitory function of p27 (8). Thus, phos- 
phorylation at sites other than Ser-10 and Thr-187 may be 
required for the MEK/MAPK-dependent phosphorylation of 
p27 that modulates its cdk2 inhibitory fiuiction. The identity of 
the different 2D-IEF phospho-isoforms of p27 observed by 2D- 
lEF warrants further investigation. 

The causes of MAPK activation in human cancers differ 
among different tiunors. MAPK activation is increased in up to 
50% of breast cancers compared with normal breast epithelium 
£ind is associated vnth poor patient prognosis (58-60). HER-2/ 
ErbB-2 overexpression, seen in up to 30% of breast cancers is 
often associated with antiestrogen resistance (27). HER-2/ 
ErbB-2 signaling has been shown to decrease p27 stabiUty via 
MAPK activation (56). In the HER-2 overexpressing MCF-7/ 
HER-2-18, MEK inhibition by U0126 restored sensitivity to 
antiestrogens. Taken together, the present study links HER-2/ 
ErbB-2 activation and antiestrogen resistance through MAPK- 
dependent Eilterations in p27 function. 

In addition to its mechanistic relevance to breast cancer, the 
observed link between p27 dysfunction and MAPK activation 
has implications for many types of cancers. The reduced levels 
of p27 observed in many cancers (colon, l\mg, prostate, gastric) 
may reflect oncogenic activation of the Ras/MEK/MAPK path- 
way (12). For example, the increased p27 proteolytic activity 
observed in colon cancer lysates may result from oncogenic 
activation of K-Ras in these cancers (61). There is a strong 
molecular rationale supporting the continued development of 
MEK/MAPK inhibitory drugs. A number of MEK inhibitors 
have shown good oral bioavailability and efEcacy in preclinical 
trials (62). Tumor-specific MEK inhibitors may have the poten- 
tied to restore p27 protein levels and inhibitory function and 
thereby restrain tumor growth. 
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Abstract 

We show that p27 locaUzation is cell cycle regulated and suggest that active CRMl/RanGTP- 

mediated nuclear export of p27 may be linked to cytoplasmic p27 proteolysis in early Gl. p27 is 

nuclear in GO and early Gl and appears transiently in the cytoplasm at the Gl/S transition. 

Association of p27 with the exportin CRMl was minimal in GO and increased markedly during 

Gl-to-S phase progression. Proteasome inhibition in mid Gl did not impair nuclear import of 

p27, but led to accumulation of p27 in the cytoplasm, suggesting that export precedes 

degradation for at least part of the cellular p27 pool. p27-CRMl binding and nuclear export were 

inhibited by S1OA mutation but not by Tl 87A mutation. A putative NES in p27 is identified 

whose mutation reduced p27-CRMl interaction, nuclear export and p27 degradation. LMB did 

not inhibit p27-CRMl binding, nor did it prevent p27 export in vitro or in heterokaryon assays. 

Pre-binding of CRMl to the HIV-1 Rev NES did not inhibit p27-CRMl interaction, suggesting 

that p27 binds CRMl at a non-LMB sensitive motif LMB increased total cellular p27 and may 

do so indirectly though effects on other p27 regulatory proteins. These data suggest a model in 

which p27 undergoes active, CRMl-dependent nuclear export and cytoplasmic degradation in 

early Gl. This would permit the incremental activation of cyclin E-Cdk2 leading to cyclin E- 

Cdk2 mediated Tl87 phosphorylation and p27 proteolysis in late Gl and S phase. 



INTRODUCTION 

The Cdk inhibitor p27 is an important regulator of Gl progression. It is highly expressed 

in GO, where it binds tightly and inhibits cyclin E-Cdk 2 (Slingerland et al, 1994;Hengst et al, 

1994;Polyak et al, 1994). In mid-Gl, p27 also plays a role in the assembly and nuclear import 

of D-type cyclin-Cdk complexes (LaBaer et al, 1997;Cheng et al, 1999). p27 levels are 

regulated by translational controls and by proteolysis, and decrease as cells progress from Gl to 

S phase (Hengst and Reed, 1996;Millard et al, 1997;Slingerland and Pagano, 2000). The 

ubiquitin dependent proteolysis of p27 (Pagano et al, 1995) is regulated by its phosphorylation 

at threonine 187 (T187) by cyclin E-Cdk 2 in late Gl and S phase (Pagano et al, 1995;Sheaff e? 

al, 1997;Vlach et al, 1997;Montagnoli et al, 1999). T187 phosphorylation allows recognition 

of p27 by its SCF-type E3 ligase, comprised of Skpl, Cull, and the F-box protein, Skp2 and 

Rod and the Cksl cofactor (Ohta et al, 1999;Carrano et al, 1999;Tsvetkov et al, 

1999;Sutterluty et al, 1999;Spruck et al, 2001;Ganoth et al, 2001). Recent evidence suggests 

that p27 proteolysis is regulated by at least two distinct mechanisms, with mitogenic signaling 

conditioning p27 for degradation in early Gl in a manner independent of Tl87 phosphorylation 

(Malek et al, 2001 ;Hara et al, 2001), while Skp2 dependent cyclin E-Cdk 2-mediated 

degradation occurs in S phase following T187 phosphorylation (Malek et al, 2001). 

While p27 is detected in the nuclei of most normal quiescent cells (Slingerland and 

Pagano, 2000), the relationship between its intracellular locaUzation and proteolysis has afforded 

some controversy. Efficient degradation of mammalian p27 and of its Xenopus homologue, 

Xicl, requires nuclear import to allow its phosphorylation by cyclin E-Cdk2 (Guan et al, 

2000;Swanson et al, 2000). Interaction of p27 with the nuclear pore protein, Nup50/NPAP60 

(Muller et al, 2000;Guan et al, 2000) may play a role in p27 import. A nuclear localization 



signal has been identified and import may also involve the binding of p27 by other import 

mediators (Reynisdottir and Massague, 1997;Zeng et al, 2000). Nup50 antibodies have been 

shown to block nuclear export but not import (Ouan et al, 2000), thus a potential role for p27- 

Nup50 interaction in p27 export cannot be excluded (Smitherman et al, 2000). p27 can interact 

with the Jun activation domain-binding protein 1 (p38^*'''). Cotransfection of p27 together with 

Jabl led to accelerated proteolysis of p27. The observation that the cytotoxin leptomycin B 

(LMB) inhibited Jab 1-mediated p27 proteolysis suggested that CRMl-dependent nuclear export 

mechanisms influence p27 degradation (Tomoda et al, 1999) and provided a potential link 

between p27 turnover and nuclear export. In contrast, the Xenopus homologue of p27, Xicl, is 

ubiquitinated in the nucleus and its proteolysis is not impaired by LMB (Swanson et al, 2000). 

The nuclear pore has an estimated mass of »125 MDa and controls nucleo-cytoplasmic 

protein exchange. Although the pore diameter permits molecules of up to 50 kDa to diffuse 

freely across the nuclear envelope, the localization of many small proteins is actively regulated 

(Mattaj and Engimeier, 1998;Gorlich and Kutay, 1999). Proteins whose function is spatially and 

temporally regulated, such as cyclin Dl (Alt et al, 2001), cyclin Bl (Pines and Hunter, 

1991;Pines and Hunter, 1994;Yang et al, 1998;Jin et al, 1998), IKB (Huang et al, 2000) and 

MAPK (Adachi et al, 2000), are actively transported between the nucleus and cytoplasm. This 

process involves a number of nucleo-cytoplasmic shuttling proteins. Two proteins, 

CRMl/exportin 1 (Fukuda et al, 1997;Stade et al, 1997;Fomerod et al, 1997) and the small ras 

family GTPase, Ran (Melchior et al, 1993;Moore and Blobel, 1993), both play prominent roles 

in the regulation of nuclear protein export. Ran is abundant and exists in GDP- or GTP-boimd 

forms depending on its cellular location (Melchior and Gerace, 1998;Macara, 1999;Azuma and 

Dasso, 2000;Sacer and Dasso, 2000). Cytoplasmic RanGDP plays a key role in nuclear import. 



In the nucleus, RanGDP is converted to RanGTP by the guanine nucleotide exchange factor 

RCCl, and becomes competent to bind export cargo prior to shuttling back to the cytoplasm 

(Nigg, 1997;Mattaj and Engimeier, 1998;Gorlich and Kutay, 1999). The exportin protein, CRMl 

binds export cargo proteins and RanGTP in the nucleus to form an export complex that is 

subsequently translocated to the cytoplasm (Stade et al, 1997;Fornerod et al, 1997;Kehlenbach 

et al, 1998). At the cytoplasmic face, the complex is dissociated by RanGAP, in combination 

with either RanBPl or RanBP2 (Nigg, 1997;Mattaj and Engimeier, 1998;Gorlich and Kutay, 

1999). 

In the present study, we demonstrate that nuclear export of the Cdk inhibitor, p27, is 

actively regulated by CRMl/RanGTP binding. Nuclear export of p27 is time-, temperature- and 

energy-dependent. Although p27 binding to CRMl is cell cycle regulated, it is LMB insensitive 

and LMB has no apparent effect on CRMl-mediated p27 nuclear export either in vitro or in vivo. 

A putative nuclear export sequence (NES) in p27 is identified. Mutation of this NES reduced 

nuclear export, impaired p27-CRMl interactions and increased p27 stability. 



MATERIALS AND METHODS 

Cell culture. MCF-7 cells were grown in improved modified Eagle's medium (IMEM) 

supplemented with 5% (vol/vol) fetal bovine serum (FBS). Cells were synchronized in GO by 

estradiol depletion as described (Cariou et al, 2000). Cells were released from quiescence by 

the addition of 10"* M 17p-estradiol (Sigma). 

Plasmids and transfections. A vector encoding wild type p27 fused to an enhanced yellow- 

green variant of the Aequorea victoria green fluorescent protein (YFPp27 WT) was prepared by 

insertion of the full-length wild type human p27 cDNA sequence into the pEYFP-Cl vector 

(Clontech). Double L41A/L45A mutations were introduced into the YFPp27 WT vectors using a 

Quickchange site-directed mutagenesis kit (Stratagene) to generate the YFPp27NES vector. All 

p27 cDNA constructs were sequenced fully to ensure the absence of cloning artifacts. 

Asynchronous MCF-7 cells were transfected with the different YFPp27 vectors (10 )j,g) using 

lipofectamine PLUS™ (GIBCO) and then estradiol-deprived for 48 hours. Assays of YFPp27 

nuclear export and binding to CRMl were carried out at 48 hours post-transfection. Equal 

transfection efficiency was verified by direct visualization of p27 by fiiorescence microscopy. 

For the heterokaryon assays, we used a green fluorescence protein tagged p53 construct kindly 

provided by G. Wahl (Stommel et al, 1999). 

Indirect immunofluorescence of p27 and BrdU. MCF-7 cells were grown on glass slides, 

arrested in GO by estradiol depletion (48 hours) and then induced to re-enter the cell cycle by the 

addition of 10"* M 17P-estradiol. Cells were also labeled with 5-bromo-2-deoxy uridine (BrdU) 

to monitor the tuning of S phase entrance. In GO and at intervals after estradiol addition, cells 

were fixed in 4% paraformaldehyde and 0.2% Triton X-lOO, blocked in 3% H2O2 and 10% goat 

serum and then incubated with a mouse monoclonal antibody for p27 (Transduction 



Laboratories) and a rabbit polyclonal anti-BrdU antibody (CalTag Laboratories). Fluorescein 

(FITC) conjugated anti-mouse and texas red conjugated anti-rabbit secondary antibodies allowed 

visualization of p27 protein and BrdU incorporation, respectively. Cells were visualized by 

confocal fluorescence microscopy and photographed. 

Detection of p27-CRMl complexes in cell lysates. At indicated times after GO release, p27 

was immunoprecipitated from Img cellular lysate using the C-19 antibody (Santa Cruz 

Biotechnology). Complexes were resolved and associated CRMl detected by immunoblotting 

with polyclonal CRMl antibodies (kindly provided by R. Kehlenbach and L. Gerace or by M 

Fomerod) (Fomerod et al, 1997;Kehlenbach et al, 1998). p27 was detected in CRMl 

immunoprecipitaes fi-om 1 mg cell lysate using the Gerace lab anti-CRMl antibody for 

immunoprecipitation. 

Detection of p27-Cyclin El-Cdk2 complexes. To test the effect of NES mutation on the 

association of p27 with cyclin El-cdk2, cells were transfected with either YFPp27WT or 

YFPp27NES and cyclin El or YFP proteins immunoprecipitated. Complexes were resolved by 

SDS-PAGE and immunoblotted to detect associated proteins (cyclin El or p27). 

Subcellular fractionation and in vitro nuclear export. Cells in GO and early Gl were 

harvested and resuspended in 300 pi of an isotonic transport buffer (20mM HEPES pH 7.3, 

llOmMKAcetate, 5mM NaAcetate, 2mM MgAcetate, ImM EGTA and 2mM DTT) containing 

protease inhibitors, 1 mM NaVOa and 50 mM NaF.  Digitonin (20-30 |J.g/ml final concentration) 

was added until 90-95% of the cells exhibited trypan blue staining. Cells were then centrifiiged 

and the supernatant (cytoplasmic fi-action) recovered. The pellet (nuclear fraction) was washed 

and resuspended in 300 (j.1 of transport buffer. The intact nuclei were then used for nuclear 

export assays, or for immunoblotting. To assay nuclear export of p27, digitonin-permeabilized 



cells were incubated with fractionated cytosolic protein (75 ng), an ATP regenerating system (5 

mM ATP, 5 mM creatine phosphate, 20 U/ml creatine phosphokinase) and 2 mM GTP at room 

temperature for up to 30 minutes (Adam et al, 1992). Nuclear export was stopped by 

centrifugation and the supernatant was removed. p27 was immunoprecipitated from both nuclear 

and supernatant fractions, resolved by SDS-PAGE and nuclear and exported p27 was detected by 

immimoblotting. For controls, export assays were conducted at 4°C and in the absence of 

cytosolic proteins, an ATP regenerating system or both. 

For detection of nuclear p27 export using indirect immunofluorescence, cells were grown 

on glass slides and permeabilized by incubation with 25 pg/ml digitonin for 3 min at 4°C. The 

cells were washed and incubated with cytosolic proteins (2.5 mg/ml) and an ATP regenerating 

system (as above) at room temperature for 10,20 and 30 min. Nuclear p27 was detected by 

indirect immunofluorescence and fluorescence intensity quantified using Carl Zeis Laser 

Scaiming Software (LSM) 510 and confocal microscopy. 

To assay the expression and nuclear export of green-yellow fluorescent-tagged p27, 

MCF-7 cells were grown on glass slides and transfected with WT or NES YFPp27 vectors. 

Export of p27 from digitonin permeabilized cells was as above. Nuclear export of p27 was 

determined by measuring the decline in nuclear YFP fluorescence by direct photomicroscopy 

using a digital camera and fluorescence intensity was quantified using Carl Zeis Laser Scanning 

Software (LSM) 510. 

Heterokaryon assay. Nucleo-cytoplasmic shuttling of YFP-p27 and GFP-p53 was detected in 

HeLa/NIH 3T3 cell heterokaryons. Hela cells were grown on glass cover slips in DMEM 

containing 10% FCS and transfected using Superfect reagent (Qiagen) according to the 

manufacturer's instructions. Cells were washed four times with DMEM medium 12 hours after 



transfection and NIH 3T3 cells were seeded. Cells were treated with cycloheximide (75 )a.g/ml) 

for 30 minutes prior to fusion. Cell fusion was induced by the addition of 50% (w/v) 

polyethylenglycol in DMEM for 2 min in the presence of 50 (ag/ml cycloheximide. After 

washing 4x with PBS, cells were further incubated in DMEM containing of 50 |Lig/ml 

cycloheximide for 2 hours to allow shuttling. To the indicated samples, leptomycin B (final 

concentration 50 ng/ml) was added 2 hours prior to cell fusion. 

After washing with PBS, cells were fixed with 3.7% formaldehyde in PBS (5 min at 

20°C, 10 min 4°C). Cells were permeabilized by treatment with 0.1% Triton X in PBS (4°C) for 

5 min. After washing in PBS, cells were incubated with PBS supplemented with 2% BSA at 

room temperature for 10 min. Actin was stained with 100 fj.1 of Texas-Red Phalloidin (Sigma) 

diluted 1:2000 in PBS/2% BSA. After washing with PBS, DNA was stained with 1% Hoechst 

33258 (Molecular Probes) diluted 1:2000 in PBS. Cover slips were then washed and mounted on 

glass slides. 

p27 nuclear import. Quiescent MCF-7 cells were digitonin permeabilized and incubated with 4 

lig/lil (final concentration) cytosoUc proteins and an ATP-regenerating system at room 

temperature. His-tagged p27 was added, and the reaction incubated for 60 min. Reactions were 

stopped by centrifugation, and separated into nuclear and supernatant fractions. Where 

indicated, nuclei were pre-incubated with leptomycin B (LMB; 50 ng/ml), N-acetyl-leu-leu- 

norleucinal (LLnL; 2.5 tJ.M), or wheat germ agglutinin(WGA; 20 iJ.g/ml). 

Recombinant protein assays. p27 was immunoprecipitated firom 1 mg of cell lysate recovered 

6 hours after estradiol stimulation of quiescent MCF-7 cells. Following 5 min incubation at 

95°C to denature any endogenous p27-associated proteins, the supernatant containing heat stable 

p27 was incubated with recombinant CRMl, in the presence or absence of GTP-loaded Ran or 



GDP-loaded Ran for 20 min at 4°C (Askjaer et al, 1999). p27 was immunoprecipitated and the 

associated proteins separated by SDS-PAGE. To assess if p27-CRMl/Ran complexes could be 

dissociated in vitro they were incubated with recombinant RanGAP and RanBPl for 30 min at 

30°C. p27 immune complexes were then centrifuged and dissociation of CRMl or Ran into the 

supernatant was assayed by iramunoblotting both fractions. Similar experiments were conducted 

using cells transfected with the WT and mutant YFPp27 constructs. 

Similar experiments were carried out entirely with recombinant proteins. Recombinant 

his-tagged p27 prepared in E. coU or bacculovirus produced cyclin Dl proteins were mixed with 

recombinant CRMl for 60 min at 4°C with or without pre-treatment of CRMl with LMB 100 

ng/ml for 30 min. p27 or cyclin Dl was immunoprecipitated, complexes resolved and associated 

CRMl detected by immunoblotting. 

To test the effect of HIV-1 Rev on p27-CRMl and cyclin Dl-CRMl complexes, the 

HIV-l Rev NES peptide, NH2-CLPPELERLTL-C00H (Kudo et al., 1998) was synthesized and 

purified over reverse phase HPLC on a C8 column and verified by Mass spectrophotometry. A 

molar excess of peptide was pre-incubated with recombinant CRMl for 30 min at 4°C prior to 

the addition of RanGTP and p27 or cyclin Dl proteins for a fiirther 60 min. p27 or cyclin Dl 

immune complexes were then assayed for associated CRMl by IP blots. 

Microinjection of nuclei and assays of nuclear export of p27-NES-peptide coupled to BSA. 

Export ligand preparation followed published procedures (Melchior, 1998). In brief, fatty acid 

free BSA (Boehringer Mannheim) was conjugated with FITC isomer I (Molecular Probes) and 

purified via gel filtration. Peptides containing the putative p27 nuclear export sequence 

(CRNLFGPVDHEELTRDLE) were coupled to FITC-BSA via their N-terminal cysteine using 

the crosslinker, Sulfo-SMCC (Pierce). Micromjection of FITC-BSA-NES and FITC-BSA (0.1 

10 



mg/ml) into nuclei of adherent HeLa cells was performed with an Eppendorf Femtojet. Cells 

were kept at 37°C, and photomicrographs were taken at different times after injection using an 

inverted Olympus 1X70 fluorescence microscope and a back illuminated CCD camera (Princeton 

Instruments). 
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RESULTS 

p27 localization is cell cycle regulated. p27 localization was assayed at intervals across the cell 

cycle in synchronized MCF-7 cells (Cariou et al, 2000). p27 levels and BrdU uptake v/ere, 

monitored by indirect immunofluorescence labeling and confocal microscopy. Quiescent MCF- 

7 cells exhibited strong nuclear p27 expression (GO, Fig. lA). Nuclear p27 intensity fell 

progressively as cells moved through Gl. At 9 hours after estradiol addition, late Gl cells 

showed predominantly nuclear p27, with some cells showing both cytoplasmic and nuclear p27 

locaUzation. Twelve hours after GO release, at a time when p27 is known to undergo rapid 

proteolysis (Malek et al, 2001), early S phase cells exhibiting both nuclear and cytosolic p27 

were consistently detected, suggesting either delayed import or that nuclear p27 export exceeds 

import (Fig. lA, early S). Since new p27 synthesis is dramatically decreased within hours of GO 

exit (Hengst and Reed, 1996;Millard et al, 1997)(Cariou and Slingerland, unpubUshed MCF-7 

results), the latter may be more likely. During S phase (t=16 to 22 hours hrs), p27 became 

progressively imdetectable in cells staining positive for BrdU uptake. In late S/early G2 cell 

populations, some cells were negative for both p27 staining and BrdU uptake (Fig. 1 A, see dual 

negative cell indicated by white arrow). Flow cytometry of cells at each time point in Fig lA is 

shovrainFig IB. 

p27-bound CRMl increases during Gl progression. A major mechanism of nuclear export 

involves binding of the export cargo protein to the exportin CRMl. Cells were synchronized in 

parallel with those assayed in Fig. lA above. Immunoprecipitation of cellular p27 at intervals 

between GO and S phase revealed an association between p27 and CRMl that increased during 

Gl as p27 levels decreased (Fig. IB). p27 was also found to interact with Ran in early Gl in co- 

immunoprecipitation experiments (not shown). CRMl levels were constant across the cell cycle. 
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Given the reduction in p27 in the 6 to 12 hours time points, the increase in p27-bound CRMl is 

dramatic as cells move through Gl toward late Gl/S.The increase in levels of p27-bound CRMl 

is temporally associated with the activation of p27 proteolysis demonstrated earlier as cells move 

from GO to Gl and S phase (Pagano et al, 1995;Hengst and Reed, 1996;MaIek et al, 2001). The 

onset of this transient binding of p27 to CRMl occurs prior to the increase in Skp2 protein levels 

observed 12 hours after the addition of estradiol (Fig. IB). In addition, the onset of p27-CRMl 

binding occurs prior to activation of cyclin E-Cdk2 in this cell line (Cariou et al., 2000). 

Nuclear export of p27 is actively regulated. The cell cycle dependent changes in localization 

of endogenous p27 led us to investigate how nuclear export of p27 is regulated. To assay nuclear 

export of p27, MCF-7 cells were grown on glass shdes, synchronized in quiescence.and released 

into the cell cycle. In mid-Gl (6 hours after release from quiescence) cells were treated with 

digitonin at concentrations that selectively permeabilize the C]ytoplasmic membrane and leave the 

nuclear membrane intact. Nuclear export of cellular p27 was detected by indirect 

immunofluorescence at intervals after the addition of ATP, an ATP-regenerating system and 

cytosoUc proteins (Fig. 2A). A second method was used to demonstrate and quantitate p27 

export. Nuclei were separated from cytosolic proteins by digitonin-permeabilization of cells in 

mid-Gl. In vitro export of nuclear p27 was assayed by immunoblottmg of nuclear p27 and p27 

exported into the supernatant over time (Fig. 2B). Passive diffiision of p27 from the nuclei was 

not observed in the absence of ATP or at 4°C in either of these assays, indicating that p27 export 

is actively regulated (Fig. 2A and B). In vitro export of p27 from GO nuclei proceeded at a rate 

50% slower than that from mid Gl nuclei (Fig. 2B). Thus, as cells progress from GO into mid- 

Gl, p27 or other cofactors may be modified to facilitate nuclear export. The rate of p27 export 

assayed by densitometric analysis of p27 blots in Fig. 2B was similar to that measured by the 
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decay in nuclear p27 fluorescence quantitated by confocal microscopy using Carl Zeiss Laser 

Scanning software in Fig. 2A. 

p27 interacts with CRMl in vitro. When CRMl binds to export cargo in association with 

nuclear RanGTP, cytoplasmic dissociation of the complex is stimulated by GTP hydrolysis. To 

test the specificity of p27-CRMl mteractions, formation of CRMl-Ran-p27 complexes was 

assayed in vitro. p27 was immunoprecipitated from mid-Gl cells, boiled to dissociate heat labile 

protems and then incubated with re'combinant CRMl and either GTP-loaded Ran (Fig. 3A, lane 

1) or GDP-loaded Ran (lane 2). p27-CRMl-Ran complexes were readily detected in the 

presence of RanGTP, but were significantly reduced in the presence of RanGDP. Non-specific 

binding of CRMl or Ran to p27 antibody-boimd protein A beads was not evident (lane 3). p27 

binding to CRMl alone was also detected and p27-CRMl-RanGTP complexes dissociated 

following incubation with RanBPl and RanGAP (data not shown). These data support the 

specific association of p27, CRMl and Ran complex formation in early Gl regulating nuclear 

export of p27. 

LMB increases p27 levels but does not disrupt p27-CRMl binding.  Treatment of cells with 

LMB increased p27 levels (Fig. 3B, right panel and Fig 4C). Densitometric analysis of repeat 

experiments showed that approximately 18% of total cellular p27 was detected in CRMl 

complexes at 9 hours after release from GO. However, LMB treatment did not appear to impair 

endogenous cellular p27-CRMl interaction (Fig. 3B). To fiulher explore this unexpected result, 

we assayed p27-CRMl binding in vitro by two different methods. Pre-treatment of recombinant 

CRMl with a molar excess of LMB in vitro did not impair the binding of CRMl to heat stable 

p27 isolated firom cells in mid-Gl (Fig. 3C), nor did it rnipair CRMl binding to his-tagged 

recombinant p27 protein (Fig. 3Dj lane 1 versus lane 2).   In contrast, CRMl binding to cyclin 
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Dl was impaired by LMB. CRMl binding to cyclin Dl was assayed using flag-tagged 

recombinant cyclin Dl, phosphorylated at T286 in vitro with GSK-3P to promote binding to 

CRMl (Alt et al, 2001). Cyclin Dl-bound CRMl was substantially reduced by pre-treatment of 

the recombinant CRMl with LMB (Fig. 3D, lane 5 versus lane 6). LMB was unable to 

dissociate CRMl-bound p27 or cyclin Dl when it was added to these respective complexes 

subsequent to mixing of the recombinant proteins (lanes 3 and 7). 

HIV-1 Rev NES peptide competes with CRMl binding to cyclin Dl but not to p27. Active 

nuclear export involves binding of an exportin to a nuclear export signaling motif (NES) on the 

export substrate (Mattaj and Engimeier, 1998;Gorlich and Kutay, 1999). The exportin, CRMl 

binds to classical NES-containing proteins via an LMB sensitive domain. The failure of LMB to 

inhibit CRMl binding to p27 both in vivo and in vitro raised the possibility that p27 interacts 

with CRMl in a novel manner. To test this, we assayed the effect of pre-binding CRMl to the 

classical NES motif of the HIV-1 Rev protein on the association between p27 and CRMl and 

between cyclin Dl and CRMl in vitro. CRMl was pre-incubated with a 10 amino acid peptide 

corresponding to the HIV Rev NES (NH2-CLPPLRLTL-C00H) for 30 minutes prior to the 

addition of RanGTP and either p27 or cyclin Dl. Pre-incubation of CRMl with the HIV-1 Rev 

NES peptide did not reduce the amount of CRMl that bound to p27 (Fig 3E, lanel versus lane 

2). In contrast, the NES peptide reduced cyclin Dl/CRMl interaction (Fig 3E, lane 4 versus lane 

5)- 

Proteasome inhibition and LMB increase detectable cytoplasmic p27. Recent reports 

suggest that p27 degradation is complex and may involve both T187-dependent and independent 

proteolytic mechanisms (Sheaff e? al, 1997;Malek et al, 2001;Ishida et al, 2002). If even a 

portion of cellular p27 undergoes nuclear export prior to cytosolic degradation, proteasome 
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inhibition should lead to accumulation of p27 within the cytoplasm. As shown previously 

(Pagano et al, 1995), proteasome inhibitors increased p27 protein levels (Fig. 4A). Nuclear- 

cytoplasmic fractionation confirmed the data in Fig. lA that in GO, p27 is almost exclusively 

nuclear (Fig. 4B). A modest reduction of p27 was notable by 9 hours after GO release, with a 

minor amoimt of p27 in the cytoplasm. LLnL treatment in mid-Gl led to increases in both 

nuclear and detectable cytoplasmic p27 levels. The nuclearxytoplasmic ratios of p27 were 9.2:1 

and 4.5:1 for cells in mid Gl in the absence or presence of LLnL, respectively. Since LLnL 

appears not to delay either export or import of p27 (see below, Fig 5), these data are consistent 

with degradation of at least part of the cellular p27 pool occurring in the cytoplasm. 

To further investigate the effect of LMB on p27 levels and localization, MCF-7 cells 

were released from quiescence for either 12 hours or for 6 hours followed by addition of 200 

ng/ml LMB for a further 6 hrs and nuclear and cytoplasmic fractions were isolated. LMB 

treatment in mid-Gl inhibited the reduction in p27 levels that occurred in when cells progress 

into early S phase (Fig 4C and D). Although LMB caused an accumulation of p27, it did not 

sequester p27 exclusively within the nucleus (Fig. 4D). p27 levels were mcreased in both the 

nucleus and in the cytoplasm, exhibiting a pattern similar to that observed after inhibition of 

proteolysis by LLnL (Fig. 4B). Immunoblotting for RCCl showed no escape of nuclear protein 

into the cytoplasmic fractions (not shown). 

LLnL and LMB do not prevent nuclear export of p27 in vitro or in vivo. In the context of 

Jab-1 overexpression, LMB has been shown to inhibit the cytoplasmic acciunulation of p27 and 

its proteolysis (Tomoda et al, 1999). Theoretically, the detection of cytoplasmic p27 in both 

LLnL and LMB treated cells (Fig 4B and D) could reflect accelerated p27 export, impaired p27 

import or impaired proteolysis of exported protein. To test this, the effects of both LMB and 
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LLnL on nuclear p27 export were assayed (Figs. 5A, B and C). MCF-7 cells were grown on 

glass slides and transfected with a vector encoding wild type p27 linked to a,yellow fluorescence 

protein (YFPp27WT). Export of YFPp27WT from the nuclei of digitonin-permeabilized cells 

was assayed as in Fig 2A. A progressive reduction in nuclear YFPp27WT over 30 min was 

quantitated by fluorescence confocal microscopy using scanning laser microscopy software (Fig. 

5B). The addition of LMB did not delay YFPp27WT nuclear export. Similar results were 

evident when export was assayed in the presence of LLnL (Fig. 5 A and B). Nuclear export 

assays of endogenous p27 using the same method as in Fig 2B confirmed results above, with no 

inhibition of p27 nuclear export evident in the presence of either LMB or LLnL (not shown). 

Thus, neither LMB nor LLnL had a measurable effect on the rate or extent of p27 nuclear export. 

Since LMB did not prevent p27-CRMl interaction in vivo or in vitro, and LMB did not 

inhibit nuclear export of p27 in vitro, we next assayed the effect of LMB on nuclear to 

cytoplasmic shuttling of p27 in vivo in heterokaryons. Heterokaryon assays were conducted in 

which Hela cells, transfected with either YFPp27WT or yellow-green fluorescence protein linked 

p53 (GFPp53) vectors, were fused to untransfected NIH 3T3 cells (Fig. 5C). In the 

heterokaryons, the consistent appearance of YFPp27WT in the NIH 3T3 nucleus (white arrow) 

indicated that the YFPp27 was being exported firom the Hela cell nucleus. Pre-treatment with 50 

ng/ml LMB for 2 hours and cycloheximide for a 30 minutes prior to heterokaryon fusion had no 

effect on p27 shuttling (Fig. 5C, p27 -LMB and +LMB). All heterokaryons showed p27 

shuttling in the absence of LMB and 95% of the heterokaryons pre-treated with LMB displayed 

p27 shuttUng. In contrast, as shown by Stommel et al. (Stommel etal, 1999), the export of ' 

GFPp53 &om the Hela cell nucleus was mhibited by LMB, with 90% of the heterokaryons 

showing shuttlmg without LMB and only 25% showing shuttling in the presence of LMB (Fig. 
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5C, p53-LMB versus+LMB). 

Having shown that neither LLnL nor LMB appears to affect p27 export, the cytoplasmic 

accumulation of p27 following treatment with either drug could reflect impaired p27 nuclear 

import. Thus, we assayed the effect of these drugs on nuclear import of p27. Following a 60 

minute iacubation with 4 iig/\i\ cytosolic proteins and an ATP regenerating system, recombinant 

His-p27 was imported into the nuclei of digitonin permeabilized cells (Fig. 5D, 60 min). No 

import occurred at 4°C, in the absence of ATP and cytosol (not shown), or in the presence of 

wheat germ agglutinin (Fig 5D). Neither LMB nor LLnL impaired His-p27 nuclear import. 

Thus, LMB and LLnL do not impair either p27 import or export as measured by these assays and 

the appearance of cytoplasmic p27 following treatment with these drugs is consistent with 

delayed degradation of exported protein. 

p27 contains an atypical nuclear export sequence. We identified a putative NES within the 

Cdk-binding domain of p27 between amino acids 32-45 (Fig. 6A) based on the homology of 

leucine spacing to a cryptic NES identified in the equine infectious anemia virus (EIAV) Rev 

protein (Mancuso et al, 1998). The spacing of the three leucines in this region of p27 is highly 

conserved between species. 

To obtam additional evidence that amino acids 32-45 in p27 comprise a functional NES, 

we tested its ability to mediate nuclear export of an unrelated protein. For this, peptides 

containing the putative p27 NES (CRNLFGPVDHEELTRDLE) were coupled to FITC-labeled 

BSA, and microinjected into nuclei of adherant HeLa cells. As is shown in Fig. 6B, a significant 

fraction of p27NES-FITC-BSA translocated into the cytoplasm within 45 minutes. In contrast, 

the nuclear localization of FITC-BSA remained imchanged. While p27-NES mediated export of 

p27NES-FITC-BSA is not very efficient, possibly due to competing events such as the observed 
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accumulation in nuclear speckles, or due to rate limiting binding partners, these findings support 

the interpretation that amino acids 32-45 in p27 function as an NES. 

Two leucines within this region were mutated (L41A and L45A) and effects on p27 

export examined. MCF-7 cells were transiently transfected with vectors encoding YFPp27WT 

or the putative NES mutant p27 linked to YFP (YFPp27NES) and nuclear export of p27 firom 

digitonin-permeabilized cells was quantitated over time. Nuclear export of YFPp27NES was 

slower than that of YFPp27WT (Fig. 6B and C). The export kinetics of YFPp27WT were 

similar to those of the endogenous p27 in Fig 2. 

Mutation of SIO but not of T187 affects nuclear export of p27 p27 contains several sites 

whose phosphorylation could influence its nuclear export. Ishida et al. recently identified serine 

10 (SIO) as a major phosphorylation site in GO arrested cells (Ishida et al, 2000). Mutation of 

SIO to alanine strongly inhibited p27 export (Fig. 6 C and D), suggesting that phosphorylation at 

this site is essential for nuclear export of p27. The nuclear export of YFPp27S10D was similar 

to that observed for YFPp27WT (not shown). Since p27 degradation in late Gl involves its 

phosphorylation at T187 by cyclin E-cdk 2, nuclear export of YFPp27T187A was assayed. The 

mutation of T187 to alanine had no effect on p27 export suggesting that phosphorylation at this 

site is not necessary for p27 nuclear export (Fig 6). 

p27-CRMl interaction is reduced by NES and SlOA but not by T187A mutation. In vitro 

binding assays were conducted to test whether these p27 mutations affect p27-CRMl interaction. 

To demonstrate the linearity of the p27-CRMl binding reaction, increasing amounts of 

immunoprecipitated YFPp27WT (125-500 )iig) were incubated with recombinant CRMl and 

RanGTP, both in molar excess of p27 (Fig. 7A). p27-associated CRMl increased in proportion 

to the amount of input p27 in the reactions. The NES mutant p27 (L41A/L45A) bound 44 % less 
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CRMl in vitro than did YFPp27WT (Fig. 7B-C). Thus, the reduction in p27 export conferred by 

the NES mutation (Fig. 6) is associated with impaired binding to CRMl. Mutation of SIO to 

alanine also reduced p27-CRMl binding to 40% that of p27WT. The T187A mutation of p27 

did not affect either its rate of nuclear export or its binding to CRMl (Fig. 7B-C). 

Reduced export of the p27NES mutant is not due to decreased cyclin E-Cdk 2 binding. 

Suice the p27 NES resides within its cyclin-binding domain, the increased stability of p27NES 

could theoretically reflect reduced binding to cyclin E-Cdk2 and thus reduced cyclin E-Cdk2- 

Skp2-dependent p27 proteolysis. To evaluate this, MCF-7 cells were transfected with 

YFPp27WT and YFPp27NES, and lysates were immunoprecipitated with either YFP or cyclin E 

antibodies and associated proteins detected by inmiunoblotting (Fig. 7D). The amount of 

p27NES bound to cyclin E-Cdk2 was similar to cyclin E-bound p27WT. 

p27NES shows delayed cytoplasmic accumulation following proteasome inhibition. 

Cytoplasmic p27 is detected when proteasomal degradation is impaired (Fig. 4B). We reasoned 

that if the NES mutations delay p27 export in vivo, and if some p27 undergoes cytoplasmic 

degradation, p27NES should show a reduced or delayed appearance in the cytoplasm after 

proteasome inhibition. YFPp27NES and YFPp27WT Were transfected into MCF-7 cells. Newly 

synthesized p27 was detected exclusively in the nuclei in over 90-95% of all cell populations 

between 16 to 24 hours post transfection (Fig 8A, -MG132). The proteasome inhibitor, MG132 

(25 nM), was added to cells at 16 hours post transfection. Direct fluorescence microscopy at 

intervals after MG132 addition, showed a progressive cytoplasmic accumulation of p27WT, with 

44% of cells showing cytoplasmic p27 by 8 hours after MG132 addition (Fig 8A, + MG132). 

YFPp27NES showed a significant delay in redistribution of from nucleus to cytoplasm compared 

to that of p27WT, with only 18% of the p27NES transfected cells displaying cytoplasmic p27 at 
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the same 8 hour time point. SlOA mutation severely impaired p27 export, with only 7% of 

transfected cells exhibiting cytoplasmic p27 after 8 hours of MG132. In contrast, the SIOD 

mutation did not affect the accumulation of cytoplasmic p27 (Fig 8A). 

Delayed nuclear export is associated with increased p27 protein stability. The p27 protein 

half-lives (ti/2) of p27WT and p27NES were compared by cycloheximide chase (Fig. 8B). At 48 

hours post-transfection, both the YFPp27WT and YFPp27NES induced GO/Gl arrest as assayed 

by dual BrdU/PI staining and flow cytometry (not shown). Wild-type p27 exhibited a tm of 5.7 

hours. The p27NES mutant was over twice as stable as p27WT, with a ti/2 of 11.7 hours. 
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DISCUSSION 

The reduction of p27 levels is critical for cyclin E-Cdk2 activation and Gl-to-S phase 

progression. As cells exit GO, p27 synthesis is rapidly reduced (Hengst and Reed, 1996;Millard 

et al, 1997) and its proteolysis is increased (Pagano et al, 1995). The half-life of p27 is 

maximal in GO and reduced in asynchronous cells (Pagano et al, 1995;Hengst and Reed, 1996). 

Indeed in Gl and S phase cells, the p27 half-Ufe is reduced five-fold compared to that in 

quiescence (Malek et al, 2001). While much is known regarding mechanisms of ubiquitin- 

dependent SCF^'^^ mediated p27 proteolysis, the relationship between p27 localization and its 

degradation has been unclear. 

Although molecules of up to 50 kDa can diffuse freely through nuclear pores, p27 is 

largely bound to multiprotein complexes. The present data suggests that both p27 import into and 

export from the nucleus are actively regulated. Moreover, we provide evidence that for at least 

part of the nuclear p27 pool, CRMl-dependent nuclear export may precede degradation. 

Detectable p27 is exclusively nuclear in GO and early Gl, with transient appearance in both the 

nucleus and cytoplasm as cells progress through Gl, prior to its disappearance in late S phase. 

The dramatic increase in CRMl-p27 binding during Gl progression and the transient appearance 

of cytosolic p27 at the Gl/S transition, suggested a link between nuclear export of p27 and its 

degradation. Furthermore, proteasome inhibition in Gl led to the appearance of cytoplasmic p27, 

at a time when new p27 synthesis is minimal. The timing of cellular p27-CRMl interaction and 

the observation that p27 is exported more rapidly firom Gl nuclei than firom GO nuclei suggest 

that p27, the CRMl-ran export machinery or both may undergo periodic post-translational 

changes to facilitate p27 export in early Gl. p27 phosphorylation appears to play a critical role 

in this process. Not only does p27 phosphorylation differ between the nucleus and cytoplasm 
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(MC and JMS, unpublished), we and others have shown that the phosphorylation status of serine 

10 (SIO) critically regulates p27 export (Rodier et al, 2001;Ishida et al, 2002). 

CRMl mediates nuclear export by binding to a leucine-rich NES motif in the export 

substrate. The first NES identified was that of the HIV-1 Rev protein and a classical NES 

consensus sequence has been identified based on a conserved clustering of leucine residues 

(Bogerd et al, 1996). We propose that amino acids 32-45 constitute a NES for p27. The 

spacing of the leucine residues in this putative p27 NES is identical to that in the NES of the 

EIAV Rev protein. This EIAV Rev sequence is functionally homologous to the NES of the 

fflV-1 Rev (Mancuso et al, 1998). Although the leucines in the EIAV and p27 NES are less 

tightly clustered than those in the HIV-1 Rev NES, their spacing is completely conserved in the 

p27 sequence of all known species. When a peptide comprised of amino-acids 32-45 of p27 was 

linked to FITC-tagged BSA, the peptide directed export of this construct to the cytoplasm. The 

ability of this p27 peptide to direct the nuclear export of a heterologous protein is consistent with 

this sequence functioning as an NES. In control experiments, FITC-BSA without the p27 NES 

remained nuclear. 

Mutations converting 2 of these 3 NES leucines to alanine reduced CRMl binding, 

impaired export in vitro and prolonged the half-life of the mutant p27 protein. Moreover, the 

p27NES mutant showed delayed and reduced accumulation in the cytoplasm following 

proteasome inhibition. However, mutation of these leucine residues did not affect p27 binding to 

cyclin E-Cdk 2 and thus the stability of p27NES cannot be attributed to impaired cyclin E-Cdk2 

mediated p27 degradation. 

Nuclear export of the p27NES protein was impaired but not abolished. This may reflect 

the incomplete inhibition of CRMl-NES binding by these two leucine mutations, the 
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involvement of other motifs on p27 in CRMl binding or the existence of another non-CRMl- 

dependent export mechanism for p27. 

Surprisingly, LMB did not prevent the interaction between p27 and CRMl in vitro or in 

vivo in LMB-treated cells. In addition, LMB did not inhibit p27 nuclear export from digitonin- 

permeabilized cells nor did it impair p27 export in vivo in heterokaryons. In contrast, the binding 

of CRMl to cyclin Dl (Alt et al, 2001) and nuclear export of another CRMl cargo, p53 

(Stommel et al, 1999) were notably impaired by LMB drug concentrations that did not affect 

p27. LMB modifies the exportin CRMl at C529 (Kudo et al, 1999) and is thought to inhibit 

protein export by impairing CRMl-substrate NES interaction. The lack of effect of LMB on 

cellular p27-CRMl binding and on p27 nuclear export are consistent with p27 binding to CRMl 

at sites other than, or in addition to the LMB-sensitive motif at C529. Our observation that 

classical HIVl Rev NES peptide, which reduced cyclin Dl/CRMl interactions, did not impair 

p27 binding to CRMl in vitro suggests that p27 brads to a site distinct from the classical NES- 

binding motif on CRMl. Transport factors have been shown to bind different cargo using 

slightly different binding sites (Conti and Kuriyan, 2000). 

The effect of LMB on p27 export may be modulated by the binding of other proteins to 

the p27-CRMl complex. The ability of LMB to interfere with CRMl binding to Rev can be 

modulated by the binding of other proteins (Askjaer et al, 1998). Recently, Tomoda et al. 

demonstrated that p27 nuclear export was LMB sensitive in the presence of overexpressed 

p38^^'''(Tomoda et al, 2002). When the pSS^**"' NES was mutated, effectively removing the 

protein from the p27-CRMl complex, p27 export became LMB insensitive. Thus, the formation 

of an export-competent p27-CRMl complex in vivo may involve other proteins that modulate the 

sensitivity of p27 nuclear export to LMB. This process may show important cell type and species 
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specific differences (Swanson et al, 2000;Rodier et al., 2001). More intensive investigation of 

the specific site(s) of CRMl-p27 interaction and of the composition of p27-CRMl complexes is 

warranted. Nonetheless, our data raise the concern that LMB insensitive nuclear export may not 

always be CRMl-independent. 

LMB treatment of quiescent cells prevents their subsequent progression through Gl into 

S phase (MC and JMS, unpublished). Since p27 export from GO nuclei is less efficient than from 

nuclei in early Gl, the timing of LMB addition may be important when interpreting the effects of 

LMB on p27 export. Using p27 immunofluorescence, others have shown that LMB blocks the 

transient cytoplasmic accumulation of p27 that occurs when cells are released from quiescence 

(Rodier et al, 2001;Ishida et al, 2002). If treatment with LMB in quiescence blocks GO to Gl 

progression, the early Gl activation of p27 export would be compromised. Thus the lack of 

cytoplasmic p27 after LMB treatment observed by others may reflect failure to exit quiescence 

and be an indirect effect of LMB on p27 localization. 

Recent data using T187A knock-in and Skp2-/- nodce suggest that more than one 

mechanism regulate p27 proteolysis and that p27 proteolysis is T187-independent in early Gl 

(Malek et al, 2001; Hara et al, 2001). We observed that the interaction between p27 and CRMl 

begins at a time in the cell cycle when both Skp2 protein levels and cyclin E-Cdk2 activities are 

low. Furthermore, neither nuclear export of p27 nor its binding to CRMl are dependent on 

phosphorylation at T187. The present data and that of others allow the following model of two 

distinct mechanisms regulating p27 proteolysis. Mitogen dependent phosphorylation of p27 in 

early/mid-Gl may lead to a reduction in p27-cyclin E-Cdk2 binding, thereby exposing the p27 

NES located within the cyclin binding domain. This would facilitate p27-CRMl interaction and 

the formation of an export competent protein complex, including RanGTP. Phosphorylation at 
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serine 10 (SIO) may be a prerequisite for subsequent events that mediate CRMl binding and 

nuclear export. Both our own data and that of others indicate that SIO phosphorylation is 

important for CRMl binding and required for p27 export (Rodier et al, 2001; Ishida et al, 

2002). Binding of nucleoporins, such as Nup50, may facilitate translocation of p27 to the 

cytoplasm (Guan et al, 2000), where it is ubiquitylated and degraded (Hara et al, 2001). This 

early phase of export-linked p27 proteolysis appears to precede Skp2 upregulation and cyclin E- 

cdk2 activation and is independent of phosphorylation on T187 by cyclin E-Cdk 2, consistent 

with other recent reports (Malek et al, 2001;Hara et al, 2001;Ishida et al, 2002). This initial 

mechanism of p27 degradation in early Gl would allow an incremental activation of cyclin E- 

Cdk2. This would be followed by rapid progressive kinase activation as activated cyclinE-Cdk2 

mediates the further T187 phosphorylation-dependent ubiquitylation of p27 by SCF^^^ and 

degradation in late Gl and S phase. 

If an initial mechanism of titrating down p27 via nuclear export mediated degradation is 

required for the efficient activation of cyclin E-Cdk2 dependent p27 proteolysis, interference 

with export mediated p27 proteolysis could significantly alter the kinetics of Gl to S phase 

progression. The relevance of the subcellular localization of p27 to T187 phosphorylation 

dependent proteolysis remains imclear. However, it has been reported that Xicl ubiquitylation 

occurs in oocyte nuclei (Swanson et al, 2000) and that nuclear p27 in Ratl fibroblasts is 

efficiently degraded (Rodier et al, 2001). This may also be the case for p27 in epithelial cells, 

since both nuclear and cytoplasmic p27 levels are increased following LLnL treatment. 

There appear to be multiple phosphorylation sites on p27 (Ishida et al, 2000;Donovan et 

al, 2001) whose role in regulating p27 function and degradation remain unknown. Further work 

is necessary to elucidate what phosphorylation events follow that of SIO in early Gl and how 
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p27 phosphorylation may regulate its nuclear export. While we estimate that approximately 20% 

of cellular p27 is present in CRMl complexes in early to mid-Gl, it remains unclear what 

proportion of the total cellular p27 is degraded following CRMl-mediated export. This may 

show both cell type variability and change during malignant tumor progression as a function of 

checkpoint losses that increase cyclin E-Cdk2 activity. 
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Figure Legends 

FIG. 1. p27 localization and CRMl-binding are cell cycle dependent. Cell cycle entry of 

quiescent MCF-7 cells was induced by the addition of 17p-estradiol at time 0. Cells were 

assayed at intervals thereafter for p27 localization (A), or for protein assays and cell cycle 

profiles (B). (A) MCF-7 cells grown on glass sUdes were arrested in GO by estrogen depletion. 

Following stimulation with estradiol, p27 levels (green) and BrdU uptake (red) were visualized 

by confocal fluorescence microscopy at intervals across the cell cycle. Cells negative for both 

p27 and BrdU staining were evident in the late S phase/G2 population (white arrow). These 

imstained cells are apparent on phase contrast imaging of the same field. Control cells stained 

with non-specific control IgG followed by FITC and Texas Red conjugated antibodies are shown 

(IgG). (B) Transient binding of p27 to CRMl occurs early in Gl. p27 was immunoprecipitated at 

intervals across the cell cycle, p27 complexes were resolved and inmiunoblots were probed for 

p27 and CRMl. The same cell lysates were immunoblotted for CRMl and Skp2. The cell cycle 

profile at each time point was assayed by dual PI/BrdU labeling and flow cytometry. 

FIG. 2. Active nuclear export of p27. (A) Cells were grown on glass slides and synchronized as 

in figure 1. 6 hoiirs after induction of cell cycle entry by 17p-estradiol addition, cells were 

digitonin permeabilized and subjected to export assays, fixed and nuclear p27 visualized by 

indirect iramunofluorescence. (B) Cells were recovered in either mid-Gl or GO and nuclear 

export of p27 following digitonin permeabilization assayed as described in Methods. At 

indicated times, reactions were stopped by centrifiigation and p27 assayed in nuclei, N, and 

supernatant, S, firactions. p27 export was minimal after 30 minutes in the absence of ATP (- 

ATP), cytosol (-CYT) or both (-ATP/-CYT). 
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FIG. 3. p27 binds CRMl in vitro and LMB does not impair p27-CRMl binding. (A) p27 was 

immunoprecipitated from cells in early Gl and incubated at 95°C for 5 min to denature heat 

labile associated proteins. The supernatant containing p27 was then incubated with recombinant 

CRMl together with either GTP-loaded Ran (lane 1) or GDP-loaded Ran (lane 2) for 30 minutes 

at 4°C followed by immunoprecipitation of p27. p27 antibody-bound protein A sepharose beads 

did not show any non-specific interaction with recombinant Ran or CRMl (lane 3). (B) CRMl 

was first immunoprecipitated from cells recovered in mid-Gl with or without prior treatment 

with LMB (IP# 1). The supernatant was recovered and p27 was then immunoprecipitated from 

the CRMl-depleted lysates (IP# 2). CRMl- and p27-bound proteins were immunoblotted for 

CRMl and p27. Antibody only controls are shown for IP # 1 and # 2 (IgG). (C) The effect of 

LMB on binding of recombinant CRMl to cellular p27 was assayed as in A. Equal amounts of 

heat stable p27 recovered from mid-Gl cells were reacted with recombinant RanGTP and CRMl 

without (lane 1) or with (lane 2) pre-treatment of the CRMl with LMB. p27 was then 

immxmoprecipitated, complexes resolved and blotted for associated CRMl. One tenth of the 

input recombinant CRMl was loaded in the lane on the right. Equal amounts of p27 were 

immunoprecipitated in each lane (not shown). (D) Recombinant his-tagged p27 (lanes 1-3) or 

flag-tagged T286-phosphorylated cyclin Dl (lanes 5-7) were incubated with RanGTP and CRMl 

either without (lanes 1 and 5) or with (lanes 2 and 6) pre-treatment of the CRMl with LMB. 

LMB was also added to the reaction mixture after complex formation (lanes 3 and 7). Antibody 

control lanes are also shown (lanes 4 and 8). (E) CRMl bmding assays were carried out as in 

(D). CRMl was pre-incubated with a peptide corresponding to the NES of the HIV-1 Rev 

protein (NES peptide) prior to the addition of p27 (lane 2) or cyclin Dl (lane 5). 
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FIG. 4. Both LLnL and LMB increase nuclear and cytoplasmic p27 levels. (A) Mid-Gl cells 

were recovered at 9 hours after GO release, with or without 6 hours of LLnL treatment 

immediately prior to harvesting. Lysates were immunoblotted for p27. (B) Cells were also 

treated as in A above and nuclear, N, and cytoplasmic, C, fractions immunoblotted for p27. 

Immunoblots were probed for the nuclear protein RCCl to verify the lack of leakage of nuclear 

proteins into the cytoplasm. (C&D) At 6 hours after GO release, cells were incubated either with 

or without LMB for a further 6 hours and (C) whole cell lysates or (D) nuclear and cytosolic 

fractions were immunoblotted as shown. RCCl probing verified adequacy of fractionation (not 

shown). 

FIG. 5 LMB does not prevent p27 nuclear export in vitro or in vivo. (A) MCF-7 cells were 

fransfected with YFPp27WT and arrested in quiescence. Cells were digitonin permeabilized and 

incubated with 2.5 mg/ml cytosolic proteins and an ATP regenerating system. Incubations were 

carried out for the indicated times at room temperature. Where indicated, cells were pre-freated 

with LMB or LLnL to assess the affects of these drugs on p27 nuclear export. (B) The decay of 

nuclear p27 fluorescence in (A) was visualized by direct fluorescence microscopy, photographed 

with a digital camera and quantitated using Carl Zeiss laser scanning software (LSM) 510, and 

graphed as a fiinction of time. (C) Hela cells transfected with expression vectors for either 

YFPp27 or GFPp53 were fiised to non-transfected NIH 3T3 cells (white arrow) in the presence 

or absence of LMB. The localization of either YFPp27 or GFPp53 (green) was visualized by 

fluorescence microscopy. Cells were fixed and stained for actin (red). Nuclei were visualized 

by staining the DNA with Hoechst 33258 (black and white panels). (D) p27 nuclear import was 
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assessed by the addition of his-tagged p27 (His-p27) to digitonin permeabilized cells in the 

presence of cytosolic proteins (4 ng/|j,l) and an ATP regenerating system. Reactions were 

centrifUged and nuclear, N, and supernatant, S, fractions were immunoblotted for p27. Nuclei 

pre-incubated with 200 ng/ml wheat germ agglutinin (WGA) showed no import of p27. 

FIG 6. p27 nuclear export involves a nuclear export sequence (A) The classical and non- 

classical NES of the fflV-lRev and EIAV Rev proteins and the sequence (aa 32-45) containing 

the conserved leucines in the putative p27 NES from different species are shown. (B) FITC-BSA 

( right panel) or FITC-BSA coupled to peptides containing the putative p27 NES (2 left panes) 

was microinjected into the nuclei of adherant HeLa cells. Pictures at 0 min and 45 min after 

injection were taken with identical exposure times. (C) NES mutation delays p27 export. Cells 

were grown on glass slides and then transfected with YFPp27WT, YFPp27NES, YFPSIOA or 

YFPp27T187A. Forty-eight hours after transfection, cells were digitonin permeabilized and p27 

export assayed. Nuclear export of p27 was visualized directly by photomicroscopy with a digital 

camera. (D) The intensity of nuclear p27 fluorescence was quantitated using Carl Zeiss Laser 

Scanning Software (LSM) 510, and graphed as a percentage of the maximum intensity measured 

at t=0 minutes for each p27 allele product (p27WT, and the NES, SlOA and T187A p27 

mutants). 

FIG. 7. Effects of p27 NES mutation on CRMl- and Cyclin E-binding (A) To show the linearity 

of WT p27-CRMl binding assays, increasing amounts of heat-stable YFP-p27 (125-500 |iig) 

were incubated with fixed amounts of CRMl and RanGTP. p27 was immunoprecipitated and 

immunoblots probed for associated CRMl. (B) YFPp27 was immunoprecipitated from 300 jig of 
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lysate from cells transfected with WT, NES, SlOA or T187A YFPp27, released from protein A 

beads by boiling for 10 min and incubated with recombinant CRMl and RanGTP. p27- 

complexes were probed for CRMl and p27. CRMl binding was corrected for differences in the 

amount of YFPp27 expressed in the different transfectants and graphed. (C) Graphical 

quantification of YFP-bound CRMl. Results represent the mean ± S.E.M. of 4 independent 

experiments. (D) MCF-7 cells were transfected with YFPp27WT or YFPp27NES expression 

vectors. YFP and cyclin E immunoprecipitates were assayed for associated cyclin E, Cdk 2 or 

p27 by immunoblotting. 

Fig 8 Effects of p27 mutation on localization and half-life (A) Cells were grown on glass slides 

and transfected with either WT, NES, SlOA or SIOD YFPp27 vectors for 16 hours and then 

treated with the proteasome inhibitor MG132 (+MG132) or without (-MG132) for a further 8 

hours prior to fixation and photomicroscopy. (B) Cells were transfected with YFPp27WT or 

YFPp27NES constructs and cycloheximide (100 fig/ml) was added at 48 hours post-trahsfection. 

Cells were harvested 4, 8 and 12 hours after cycloheximide addition and p27 detected by 

immunoblotting with YFP-specific antibody. The decay of the p27 signal is graphed as a 

function of time post-cycloheximide addition. Linear regression curves were fitted to calculate 

the half-lives of each of the mutant p27 proteins using data from repeat experiments. Standard 

error bars are shown. 
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PKB/Akt phosphorylates p27, impairs nuclear import of p27 
and opposes p27-mediated Gl arrest 
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Mechanisms linking mitogenic and growtKi inhibitory cytolcine signaling and the cell cycle have 
not been fully elucidated in either cancer or in normal cells. IHere we show that activation of pro- 
tein Icinase B (PKB)/AI<t contributes to resistance to antiproliferative signals and breast cancer 
progression in part by impairing the nuclear import and action of p27. Akt transfection caused 
cytoplasmic p27 accumulation and resistance to cytokine-mediated C1 arrest. The nuclear local- 

s' ization signal of p27 contains an Akt consensus site at threonine 157, and p27 phosphorylation 
^ by Akt impaired its nuclear import in vitro. Akt phosphorylated wild-type p27 but not p27T157A. 
^ In cells transfected with constitutively active Akt™'"""" (PKB""), p27WT mislocalized to the cy- 
S toplasm, but p27T157A was nuclear, in cells with activated Akt, p27WT failed to cause Gl arrest, 
« while the antiproliferative effect of p27T157A was not impaired. Cytoplasmic p27 was seen in 
S 41% (52 of 128) of primary human breast cancers in conjunction with Akt activation and was 
0. correlated with a poor patient prognosis. Thus, we show a novel mechanism whereby Akt im- 
S pairs p27 function that is associated with an aggressive phenotype in human breast cancer. 
a 
2 , 

g                 Cell-cycle deregulation is a hallmark of cancer. Loss of cytokine- paired'"'. cMyc inhibits pl5 Induction by TGF-p (ref. 17) and 
N                 mediated Gl arrest may confer an advantage during malignant may also induce a factor that inactivates p27". In up to 50% of 
®                 progression. Resistance to the antiproliferative effects of trans- human cancers, reduced p27 protein is associated with a poor 

forming grovrthfactor-p (TGF-P) often occurs despite intact TGF- prognosis". In some tumors, p27 is mislocalized to the cyto- 
P signaling and such cells may manifest resistance to multiple plasm'"", however; the mechanism and significance of this has 
inhibitory cytokines, suggesting underlyiiig alterations in cell- not been elucidated. 
cycle controls''*. In human cancers, constitutive activation of phosphoinositol 

Cyclin-deperident kinases (cdks) are regulated by cyclin bind- 3' kinase (PI3K) and its effector PKB/Akt arise through oncogenlc 
ing, phosphorylation and by two families of cdk inhibitors'. Gl receptor tyrosine kinase activation, Ras activation, mutational 
progression is governed by D-type and E-type cyclin-cdk com- loss of PTEN, or through activating mutation of the PI3K effec- 
plexes. The inhibitors of cdk4 (INK4) family includes plS"*""" tor, protein kinase B (PKB)/Akt (hereafter termed Akt) itselF'". 
and the kinase Inhibitor protein (KIP) family comprises p21°''', Akt can inaease cyclin Dl levels" and downregulate p27 by in- 
p27'"''' and p57'"''* (ref. 4). In addition to inhibition of cyclin E- aeasing p27 proteolysis** or repressing p27 expression through 
cdk2, p21 and p27 also facilitate assembly and activation of cy- Akt  phosphorylation  of a  forkhead  transcription  factoi^. 
clin D-cdks in early Gl (refs. 5,6). However, in most cancers, reduced p27 does not result from 

p27'»p' was first identified as a mediator of TGF-pl-induced Gl transaiptional silencing", 
arrest'"'. TGF-P induces expression of the gene encodingpJ5""^^'. Here we show that Akt causes resistance to cytokine-mediated 
pl5"*" binds and inhibits cdk4 facilitating dissociation of p27 Gl arrest. p27 phosphorylation by Akt impairs its nuclear import 
and cyclin Dl from cyclin Dl-cdk4-p27 complexes and p27 and leads to cytoplasmic p27 accumulation. In human breast 
binds and inhibits cyclin E-cdk2, leading to Gl arrest'""". p27 cancers, cytoplasmic mislocalization of p27 is associated with Akt 
also mediates Gl arrest induced by IL-6 (ref. 13). p27 is a nu- activation, loss of differentiation and poor patient outcome, 
clear protein whose frequent deregulation in human cancers 
may confer resistance to antiproliferative signals. In cMyc or Activation of Akt in lines resistant to C1 arrest by TCF-p 
MAPK activated cancer-derived lines, cyclin Dl-cdk4/6 com- Ras has been shown to confer TGF-P resistance. While investigat- 
plexes sequester p27, and cyclin E-cdk2-inhibition is im- ing mechanisms of TGF-P resistance, we found that two TGF-p 
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resistant lines showed activation of the Ras effector, 
PI3K-Akt pathway. TGF-p causes Gl arrest of normal 
184 human mammary epithelial cells (HMECs) and of 
the early stage melanoma line, WM3S, but not the re- 
sistant 184A1LS'' or advanced melanoma-derived line, 
WM239 (Fig. la and b). Resistant lines showed in- 
aeased Akt activation (Akt-P) (Fig. Ic and d). Total Akt 
was similar in sensitive and resistant HMECs. Akt levels 
were somewhait higher in WM239 than WM35. PTEN 
loss contributed to Akt activation in WM239 (Fig. Id). 

The increased PI3K-Akt activity in 184A1L5" and 
. WM239 was linked to their TGF-p resistance, as partial 

PI3K inhibition restored TGF-p responsiveness. In 
184A1L5", low concentrations of the PI3K inhibitor, 
LY294002 (10-12.5 ^M) modestly reduced the S phase 
fraction (% S) but allowed continued proUferation, 
with a profile similar to that of 184 cells (Fig. 2a). 
Although TGF-p alone had little effect, 10 \iM 
LY2940O2 together with TGF-p caused Gl arrest of 
184A1L5* (Fig. .2a). In TGF-p-resistant WM239, 
LY294002 at a concentration that did not indepen- 
dently inhibit proliferation led to Gl anest when com- 
bined with TGF-P (data not shown). 

Because inhibition of cyclin E-cdk2 by p27 con- 
tributes to Gl arrest by TGF-p, cyclin El complexes were 
assayed in 184AIL5«. A low dose of LY294002 (10 ]M) 
inhibited Akt activity (Fig. Zb). LY294002 did not 
change p27 protein levels in HMECs (Fig. 2b), but mod- 
estly inaeased cyclin El-bound p27 and partly inhib- 
ited cycUn El-cdk2 activity (Fig. 2b). TGF-p and 
LY294002 together increased further cyclin El-bound 
p27 and inhibited cyclin El-cdk2 causing Gl arrest. 
Thus, attenuation of P13K activity restored cyclin El- 
cdk2 inhibition by p27 and Gl anrest by TGF-p. 

Akt inhibits responsiveness to antiproliferative Q^tokines 

184 and WM35 cells were transfected with a constitutively 
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Fig. 1 Constitutive activat'ion 
of AIrt in TCF-p-resistant cell 
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Immunoblots of activated Akt 
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and p-actin were also blotted 
(shown for the melanoma cell 
lines). 

AjjtT3c»DS473D (pKB™)"" or empty vector (E). Transfectants showed 
increased Akt protein and activity (Fig. 2c). PKB^-transfected 

active    lines were resistant to Gl arrest by TGF-p (shown for WMSS"™"®) 

a 
40 

30 

^ 

L. f ̂ 
b 

>■ 

LY294002    -     +     +     | 
TGF-P    .     -      +     5 %s ,,. 1 A      1 1 Akt-P •■—w'^—• 

10 1 1 i i Akt kinase msmmm--:,-^ 

LYZ94002(|lM )   0       7.S     10    12.5      0 

184A1 L5" 1 84 

IP Cyc El   ^ 
c 

LY294002     -     +     +   ^ 
TGF-P     -     -      +   < 

Cyc El '•■**i<*P'P  ■ 
Cyc El-bound p27   •>«»«■»; «i«ii:;,ij 

CycE1-cdk2 activity Jiitfillll^ 

1      2     3    4 

LY294002 
TGF-P 

p27< 

Akt 

p-actin • 

S   £    S   £ 
»   »    i   i 

*'"■■"-r"r—'"~ Akt 

CycDI—---- — CycDI 

p27.4tl^«li»«al'M p27 

GSK3-P-P 1 »m <m ** kinase 

to   in    10    in 
CM    n    n    C4 

Rg. 2 PI3K inhibition restores 
TGF-P response in resistant cells 
and Akt transfection mediates 
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by western blot (Akt) and Akt activity confirmed by blotting for phosphory- 
lation of the Akt substrate, CSK3-P (CSK3-P-P) or by Akt kinase assays (Akt ki- 
nase). Levels of p27 and cyclin D1 are shbwn. d and e. Flow cytometric 
analysis of parental and transfected cells treated with (■) or vsnthout (D) 
TGF-P (d) and without (D) or with (■) IL-6 (c) for 48 h. 
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Rg. 3 Cytoplasmic mislocalization of p27 in TGF- 
P-resistant, Akt activated cells, a, Cellular p27 de- 
tected by immunocytochemistiy. Cells in the control 
panel vyere stained with isotopic specific polydonal 
IgC and counterstained with hematoxylin. 
b, Cytosolic (Q and nuclear fractions (N) were sepa- 
rated and endogenous p27 immunoblotted. c. Cells 
were transfected with YFPp27WT, and treated with 
LY294002 or U0126 where indicated and observed 
by direct fluorescence microscopy, d. Induced ex- 
pression of constitutively active MEK" by addition of 
Muristerone A (+MA) did not affect the nudear local- 
ization of VTPp27WT. f. Western blot confinns MAPK 
activation (MAPK-P) following MA treatment 
e, Stable tydin D1 overexpression did not affect YFP- 
p2 AOT localization, g, Western blot shows increased 
cyclin D1 in cydin D1 transfectants. 

(Fig. 2d). Moreover, PKB™ transfection also conferred resiistance 
to Gl arrest by IL-6 (Fig. 2e). In WM239, transfection of PTEN re- 
stored TGF-P sensitivity (Fig. 2d). 

Akt causes cytoplasmic mislocalization of p27 
Because Akt impairs the nuclear localization of some of its sub- 
strates", we assayed if Akt activation affected p27 localization. 
Cellular p27 was predominantly nuclear in 184 HMEC. 
184A1L5'' and 184™'"' cells showed both nuclear and cytoplas- 
mic p27 (Fig. 3a). Increased cytoplasmic p27 in WM239 and 
WM35™™ and in 184A1L5'' and 184''''''"' compared with WM3S 
and 184, respectively, was confirmed by immunoblotting of 
fractionated cell lysates (Fig. 3b). 

Transfected fluorescent-tagged wild-type p27 CyFPp27WT) was 
exclusively nudear in most 184 and WM3S cells (Fig. 3c and 
Supplementary Table A online). YFPp27WT-transfected 184A1L5" 
and WM239 showed inaeased cytoplasmic p27. LY294002 re- 
stored the predominantly nuclear localization of YFPp27WT in 
TGF-p-resistant 184A1L5" and WM239 cells (Fig. 3c). In 184''"""' 
and WMSS"*""", transfected YFPp27WT showed inaeased cyto- 
plasmic localization, similar to that in 184A1L5* and WM239. 

In contrast to effects of LY294002, treatment of WM239 cells 
with the MEK inhibitor, U0126, did not result in redistribution 
of p27 from cytoplasm to nucleus. Moreover, in two indepen- 
dent cell lines, inducible overexpression of constitutively acti- 
vated MEK  (MEK^)  and MAPK activation did  not  cause 
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qftoplasmic mislocalization of p27 (Fig. 3d and f). 
Thus, in this culture model, MAPK activation is 
neither necessary nor sufficient for cytoplasmic 
mislocalization of p27. As both Akt and MAPK ac- 
tivation can increase cyclin Dl levels, we tested 
the effect of cyclin Dl transfection on p27 local- 
ization. Cyclin Dl overexpression did not mediate 
cytoplasmic localization of p27 (Fig. 3e and g). 
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Akt binds and phosphoiylates cellular pa?"*' 
A minimal consensus motif has been defined for 
Akt (ref. 29). p27 contains a putative Akt consen- 
sus sequence between amino acids 152 and 157 
(RKRPAT). Immunoprecipitated cellular Akt could 
phosphorylate recombinant p27 directly in vitro as 
well as the known Akt substrate, histone H2B. 
p27T157A, generated by replacing the T157 with 
alanine, was much less efficiently phosphorylated 
by Akt (Fig. 4a). Thus, T157 is identified as a puta- 
tive Akt phosphorylation site in p27. The inability 
of Akt to phosphorylate p27T157A is not due to 
loss of Akt binding as both endogenous p27 and 
ectopically expressed p27WT and p27T157A co- 
precipitated with activated cellular Akt-P (Fig. 4fc). 

To demonstrate that phosphorylation of p27 by 
Akt can occur in celb, p27 immunoprecipitates 
from asynchronous and LY294002-treated 
WM239 and MCF-7 cells were immunoblotted 
with a phospho-speciflc antibody against the Akt 
phosphorylation consensus motif (P-Akt substrate 
antibody). Immunoreactivity with this antibody 
demonstrated cellular p27 phosphorylation at the 
Akt consensus motif in asynchronous cells. This 
was inhibited by LY294002 (Fig. 4c). 

In normal 184 HMECs, Akt-P is minimal in GO and increases 
rapidly when cells enter early Gl (data not shown). Using an an- 
tibody specific for T157-phosphorylated p27 generated by 
Viglietto et al., we showed that cellular T157 phosphorylated 
p27 was minimal in GO and the relative amount of T157 phos- 
phorylated p27 over total p27 rose by 1.8-fold within 4 hours of 
exit from quiescence (data not shown). Densitometric analysis 
of p27T157-P and total p27 blots showed that the relative 
amount of T1S7 phosphorylated over total p27 was two-fold 
higher in proliferating WM239 than inWMSS (data not shown). 
Thus, activation of Akt in vivo is associated with increased T157 
phosphorylation of p27 in both normal HMECs and in tumor- 
derived cells. 

To provide further evidence for p27 phosphorylation by Akt in 
vivo, WM239 cells were transfected with either YFPp27WT or 
YFPp27T157A and treated with 20 nM LY294002. LY294002 
markedly reduced reactivity of YFPp27WT with the antibody to 
the phosphorylated Akt consensus motif (P-Akt substrate) and 
the p27T157-P antibody. p27T157A showed minimal reactivity 
with the antibody to phosphorylated Akt substrate and none to 
anti-p27TlS7-P (Fig. 4d). 

p27T157A is nuclear in cells with constitutive Akt 
T157 is located within the nuclear localization signal (NLS) of 
p27"'". Phosphorylation of the NLS regulates nuclear localiza- 
tion of many proteins'^. To assay whether the potential for T157 
phosphorylation might influence p27 localization, WM35""'"' 
cells were transfected with YFPp27WT, YFPp27T157A and 
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Fig. 4 p27 is a substrate of Akt and binds 
Akt in vivo, a, Akt kinase assays using either 
histone H2B, or recombinant wild-type 
p27 (p27WT) as substrates. Control reac- 
tions using nomial rabbit IgC (NR-IgG) are 
shown (right lanes). Akt phosphorylated 
p27Wr but not p27n57A In in vitro kinase 
assays. Input p27 is immunoblotted in the 
top right panel, b, Ser473-phosphoiylated 
Akt immunoprecipitates were resolved and 
immunoblotted to show Akt-P and associ- 
ated endogenous cellular p27 (left panel) or transfected YFPp27Wr and YFPp27n57A (right 
panel), c, Cellular p27 shows reactivity with antibody specific for the phosphoiylated Akt con- 
sensus motif. While p27 levels are increased by LY294002, reactivity with the phospho-Akt 
substrate antibody (P-Akt substrate) is diminished. Lower graph: ■, without LY294002; D, 
with LY294002. d, WM239 cells were transfected with YFPp27WT or YFPp27Tl57A and then 
treated with or without LY294002 for 20 hours. The top band shows Akt-P. YFPp27 was im- 
munoblotted with antibodies to P-Akt substrate, anti-p27T1 S7-P and total p27. 

YFPp27TlS7D (Fig. 5fl and Supplementary Table B online). 
While approximately 30% of YFPp27WT and YFPp27T157D ex- 
pressing cells showed both nuclear and cytoplasmic p27, 
YFPp27T157A was nuclear. 

WM239 cells, whose Akt is constltutively activated, were tran- 
siently transfected with either YFPp27WT or YFPp27T157A. 
Flow cj^ometric analysis of YFP positive cells at 20 hours post- 
transfection revealed that the cell-cycle inhibitory function of 
p27WT was significantly impaired, while p27T157A retained Gl 
inhibitory function in 'WM239 (Fig. 5b). Equal expression of 
YFPp27WT and YFPp27T157A was demonstrated (Fig. 4d, 
lower). In contrast, YFPp27WT and YFPp27T157A both caused 
Gl arrest in 184 HMECs and WM35 cells lacking constitutive 
Akt activation (data not shown). Thus p27 phosphorylation by 
Akt impairs its Gl inhibitory function. 

Phosphorylation by Akt impairs nuclear Import of p27 

p27 nuclear import was assessed by the incubation of His- 
tagged p27 (His-p27) with digitonin permeabilized MCF-7 cells. 
Nuclei and supernatant fractions were then Immunoblotted for 
His-p27. Prior reaction of recombinant His-p27WT with cellular 
Akt kinase impaired nuclear import of p27. His-p27T157A 
showed a faster rate of Import than His-p27WT, and His- 
p27T157D protein showed essentially no nuclear import above 
that of negative controls (reactions carried out at 4 °C, without 
ATP or in the presence of wheat germ agglufinin) (Fig. Sc). 
These data suggest that cytoplasmic p27 in Akt activated cells 
results from impaired p27 nuclear import. 
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Cytoplasmic p27 and activated Akt in human breast cancers 
p27 protein levels and localization were reviewed in 128 primary 
breast cancers previously stained for p27 by immunohistochem- 
istry''. Levels of p27 were scored as high (>50%) or low (<50%) 
tumor nuclei staining as previously described". While normal 
breast ductal epithelium and lymphocytes and a majority of tu- 
mors (Fig. 6a) showed exclusively nuclear p27, 42% (52/128) of 
the breast cancers showed either nuclear and cytoplasmic or pre- 
dominantly cytoplasmic p27 (Fig. 6b and c). Of cancers with re- 
duced p27 levels, 44% (31/70) showed cytoplasmic p27, while 
36% (21/58) of tumors with high p27 levels showed cytoplasmic 
p27. p27 protein levels and cytoplasmic p27 mislocalization 
were not statistically correlated (chi square analysis, P= 0.3542). 

Cytoplasmic p27 was not correlated with menopausal, 
nodal or ER/PR status. Tumors with high levels of exclusively 
nuclear p27 (N only; p27 >50% nuclei positive) (Fig. 6a) were 
almost all well differentiated or of low grade, whereas tumors 
with high levels of p27 but cytoplasmic localization (N+C; p27 
>50%) (Fig. 6b) were more poorly differentiated (P < 0.001 on 
X' analysis) (Supplementary Table C). The Kaplan-Meier curve 
in Fig. 6d shows the influence of p27 localization on patient 
survival. Fig. 6e shows that for each level of p27 staining 
(high, >50% nuclei positive or low, <50% nuclei positive), 
when p27 is seen in the cytoplasm (N+C) rather than in the 
nucleus alone (N), patient survival is worse. These data were 
statistically significant for overall survival (P = 0.05, Wilcoxon 
test) (Fig. 6e) and for disease-free survival (P = 0.003, data not 
shown). Patients with breast cancers with high levels of exclu- 
sively nuclear p27 (N only; p27 >50%) had the best outcome, 
whereas the worst survival was seen in those with reduced p27 
levels and detectable cytoplasmic p27 (N+C; <50%, P = 0.02, 
Log-rank test) (Fig. 6f). 

S3 breast cancers were stained with phospho-Akt antibody 
(Fig. 6a-c, right). Normal quiescent breast acini, lymphocytes 
and stroma showed no Akt-P staining. None of 23 tumors with 
exclusively nuclear p27 showed Akt activation, whereas 28/30 
tumors with cytoplasmic p27 showed phospho-Akt reactivity. 
Detection of cytoplasmic p27 iri human breast tumors was 
highly statistically significantly associated with Akt activation 
(5C^P< 0.001). 

Discussion 

This study suggests that constitutive activation of the PI3K-Akt 
pathway mediates TGF-P resistance. TGF-p- and IL-6-sensitive 
cells were rendered resistant by.ectopic Akt activation. Akt activ- 
ity was increased in 184A1L5'' and WM239 cells. Moreover, 
PTEN transfection into WM239 cells, and Inhibition of PI3K by 
LY294002 in TGF-P-resistant cells restored p27 binding and inhi- 
bition of cyclin E-cdk2 and Gl arrest by TGF-p. 

Whereas P13K signaling can inhibit p27 transalption or accel- 
erate p27 degradation in different cell types, we show that Akt 
can bind p27 and phosphorylate T157. Akt phosphorylated 
p27WT but not p27T157A in ^dtro. Moreover, the reactivity of 
cellular and transfected p27 with phospho-Akt substrate and 
p27T157-P antibodies was strongly reduced by Akt inhibition 
following LY294002 treatment. The p27T157A showed minimal 
reactivity with the antibody to phosphorylated Akt substrate 
and none with anti-p27T157-P. Cellular p27 phosphorylation at 
T157 increased in normal HMECs in association with Akt activa- 
tion as cells moved from GO into Gl. Moreover, T157 phospho- 
rylation of p27 was two-fold higher in PTEN-deflcient WM239 
than in WM35 ceils, indicating that Tl 57 of p27 is a putative Akt 
site in vivo. 

T157 lies within the nuclear localization signal of p27 (NLS, aa 
153-166)"". Our data indicate that an Akt-dependent pathway 
regulates p27 localization. Although the T157A mutation may 
facilitate p27 import inespective of PKB, phosphorylation at this 
site appears to inhibit nuclear import of p27. Cells with acti- 
vated Akt showed cytoplasmic p27. LY294002 treatment or ex- 
pression of p27T15 7A in cells with activated Akt restored nuclear 
p27 localization. Moreover, Akt"" transfection led to cjrtoplas- 
mic mislocaUzatlon of p27. p27 phosphorylation by Akt im- 
paired nuclear p27 import in vitro. Phosphorylation within or 
near the NLS has been shown to inhibit nuclear.import of other 
proteins". Thus, as for other Akt substrates p21, and some fork- 
head transcription factors (refs. 28,34), in cancers the constitu- 
tive p27 phosphorylation by Akt may cause a relative 
cytoplasmic sequestration of p27. This would limit the p27 avail- 
able to bind to and inhibit cyclin E-cdk2, compromising the ar- 
rest response to antlproliferative factors such as TGF-P and IL-6. 
In contrast, in normal HMECs, T157 phosphorylation of p27 ac- 
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l=ig. 5 1157 phosphorylation impairs nu- 
clear Import of p27. a, p27 localization fol- 
lowing transfection of the indicated p27 
alleles into WM35 cells expressing PKB"" 
(WMBS""""^. b, WM239 cells were tran- 
siently transfected with YFPp27 alleles and 
the cell-cycle profile of YFP-posltive cells 
analyzed by flow cytometry. D, untrans- 
fected; W, wild-type; ■, T157A-trans- 
fected. c, p27 nuclear Import was assessed 
by the addition of His-tagged p27 (HIs- 
p27) to digltonin permeabllized cells for 
60 minutes (60) and nuclear, (N), and su- 
pernatant, (S), fractions were immunoblot- 
ted for p27. Input His-p27WT Is shown in 
the left-most lane (t=0 minutes). Pre-treat- 
ment of Hls-p27WT with cellular Akt {+Akt) 
impaired p27 Import. Import reactions for 
Hls-p27T157A fn57A) and His-p27ri57D 
(T157D) are shown. Import of T157A was 
abolished by addition of wheat germ ag- 
glutinln (+ WGA). 
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ng. 6 Cytoplasmic mislocalization of p27 in primary breast cancers is associ- 

ated with Akt activation and poor patient outcome, o-c, Primary human breast 
cancers were immunostained for p27 (left panels). The same tumors were 

stained for phosphotylated Akt (right panels) and counterstained with hema- 
foxylin. a, An intermediate grade tumor with exclusively nuclear p27 staining in 
>50% of tumor nuclei (N only; p27>50% nuclei positive) shows no immunore- 

activityfor phosphoiylated Akt. b and c. Moderately and poorly differentiated 

cancers showing intense (b) and reduced (c) staining of p27 in kx5th nuclei and 

cytoplasm (N+C, p27 >50% nuclei positive and N+C, p27 S50% nuclei posi- 
tive, respectively), d, Kaplan-Meier overall sun/ival curves stratified by nuclear 
only (green Bne) versus nuclear and cytoplasmic (purple line) p27 (P= 0.49). 

e, Kaplan-Meier curves show that for each level of p27 staining (p27 >50% or 

^0% tumor nudei positive), the detection of cytoplasmic p27 was associated 
with a significantly reduced overall survival compared vwth that of the nudear 

only group (P=0.05). f, The best prognostic subgroup of breast cancers shows 
strong, exdusively nudear p27 (p27 >50%; green line), whereas cancers with 
both reduced levels and cytoplasmic mislocalization of p27 (p27 :£50%; red 

Hne) have tfie kjwest survival (P=0.02). 

f 
100 

80i 

5 60 

10 40 

20 

N only; p27>S0% 

N4.C; p27>S(ni 

N only; p2X S0% 
N+C;p27!£50% 

X - N only; p27>5a% 

^ 
-N+C;p27lc50% 

12 3 4 5 
Years 

companies the periodic activation of Akt and may regulate nor- 
mal p27 function in early Gl. It is noteworthy that the PKB con- 
sensus sequence in p27 is imperfect and shows some species 
variation. While PKB may phosphorylate p27 at this site in hu- 
mans, the possibility that other kinases phosphorylate T157 can- 
not be excluded. 

PKB"" transfection inaeased cyclin Dl levels in the WM3S™™ 
but not in 184""™, but p27 was mislocalized to cytoplasm in both 
cell types. PKB™ mediated cytoplasmic p27 mislocalization does 
not result from inaeased cyclin Dl, since cyclin Dl overexpres- 
sion did not cause cytoplasmic sequestration of p27 in our assays. 

Whereas many reports have shown the importance of acceler- 
ated p27 proteolysis causing reduced p27 in human cancer", 
only one study showed an effect of cytoplasmic p27 on outcome 

in esophageal cancer™. Patient data in which p27 loss and p27 
localization are analyzed together with respect to disease out- 
come have not been published to date. Here, we demonstrate 
that Akt-mediated phosphorylation of p27 in its NLS impairs its 
nuclear import in vitro and show that cytoplasmic p27 localiza- 
tion is linked to Akt activation in human breast cancer in vivo 
and is associated with reduced patient survival. 

Three independent reports (including this study) demonstrate 
c)?toplasmic p27 in up to 40% of primary human breast cancers 
in association with activated Akt (Viglietto et al. and Shin et al. 
in this issue). Serine 473-phosphorylated Akt was not detected in 
normal breast epithelium and Akt-P staining showed greater in- 
tensity in invasive than in non-invasive tumor areas vrithin indi- 
vidual breast cancers (unpublished data). Tumors with uniquely 
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nuclear p27 localization showed no Akt activation. 
Although Akt can inhibit p27 gene expression by targeting the 

forkhead transcription factors" and loss oiPTEN may lead to ac- 
celerated p27 proteolysis", this seems to be cell-type dependent 
and may require additional changes in signaling pathways. 
LY294002 increased p27 protein in the melanoma lines but not 
in normal HMECs. In HMECs and in human breast cancers, Akt 
activation was not always associated with p27 loss. There was no 
statistical correlation between cytoplasmic p27 and reduced p27 
protein in primary breast cancers. Approximately the same pro- 
portion of tumors with high and low p27 scores showed cyto- 
plasmic p27. One possible implication of this is that the 
processes leading to cytoplasmic p27 mislocalization and accel- 
erated p27 proteolysis may arise independently in vivo and each 
may contribute to tumor progression. 

For all levels of p27 staining, the presence of p27 in the tumor- 
cell C3rtoplasm was associated with reduced differentiation and 
lower disease-free survival {P t= 0.003) and overall survival (P = 
0.05). These data have implications for the clinical application 
of p27 as a prognostic factor. Taking into account the presence 
or absence of cytoplasmic p27 may add to the prognostic signifi- 
cance of reduced p27 levels. Larger studies will be needed to con- 
firm this. 

Although one report suggested that p21 phosphorylation by 
Akt leads to its cytoplasmic sequestration", two other groups 
confirmed that p21 is a Akt substrate, but did not observe cyto- 
plasmic mislocalization of p21 upon Akt activation"'". p21 is 
expressed more sporadically and at lower levels than p27 in 
human breast cancers and previous studies have shown con- 
flicting results regarding the prognostic potential of p21 (ref. 
37). Although mislocalization of both p21 and p27 could theo- 
retically cooperate to promote tumor progression and a com- 
prehensive study of p21 and p27 levels and localization would 
be of value, p27 may have greater potential clinical utility in 
cancer prognosis. 

Recent reports suggest that MAPK activation accelerates p27 
proteolysis"'". This study, together with reports from 
Viglietto and Arteaga, suggest that constitutive PI3K-Akt acti- 
vation contributes to oncogenesis through inhibition of nu- 
clear p27 import and hence its cdk inhibitory function. 
Cytoplasmic mislocalization of p27 worsens the prognosis as- 
sociated with reduced p27 levels in breast cancer supporting 
the relevance of these mechanisnis to human tumorlgenesis. 
Although some tumors show evidence of both accelerated p27 
proteolysis and cytoplasmic localization, others show only 
one or the other. In human cancers, tautational activation of 
Ras and loss of the tumor suppressor PTEN are not infre- 
quent^'-". Overexpression of receptor tyrosine kinases (RTKs), 
such as Her2, can also activate PI3K-Akt in human breast and 
other cancers". As both P13K and MAPK are downstream of 
RTK-Ras, it will be of interest to determine what additional 
pathways direct RTK signaling to mediate either p27 proteoly- 
sis or cytoplasmic mislocalization in some breast cancers, 
while in others both coexist. 

Akt phosphorylates proteins involved in signal transduction, 
apoptosis and gene expression*, and increasing evidence sug- 
gests that this pathway contributes importantly to cell-cycle reg- 
ulation. Although this pathway affects multiple cell-cycle 
effectors, including cyclin D and p21, the present study, to- 
gether vrith those of Arteaga and Viglietto, define a novel mech- 
anism linking Akt activation with impaired nuclear p27 import 
and p27 deregulation in human cancer. 

Methods 
Cell culture. Finite life span HMEC strain 184 (ref. 41) and immortalized 
184AIL5" (ref. 12), MCF-7 cells" and WM35 and WM239 lines" were cul- 
tured as described. Cells were treated with 10 ng/ml TGF-p. 

Plasmids, site-directed mutagenesis and transfection. The retroviral 
pBABE vector or pBABE constructs carrying the constitutively activated, 
hemagglutinin (HA)-tagged PKB™""""° (PKB")'"' or wild-type FTEN 
were transfected as described". Human wild-type p27 cDNA (p27WT) was 
inserted into the pIND vector. T1S7 of p27 was replaced with alanine 
(p27TlS7A) or aspartic acid (p27T157D) by site-directed mutagenesis 
using a QuickChange site-directed mutagenesis kit (Strategene, Loyola, 
California). The WT and mutant p27 cDNAs were then subcloned into 
pEYFP-CI vector (Clontech, Palo Alto, California) encoding an N-temiinal 
yellow-green variant of the Aequorea victoria green fluorescent protein 
(YFP). The YFP-p27 vectors were transfected using LipofectAMINE/PLUS 
reagents (Invitrogen, Carlsbad, California) according to the manufacturer's 
protocol. Muristerone A (MA) inducible MEK'' expression was achieved in 
MCF-7 cells using the 2-plasmid system from Invitrogen. In the absence of 
MA, cells showed basal MAPK activity. MA increased MAPK-P In 2 different 
MEK^' inducible lines. pRC-CMV-cyclin D1 (provided by P. Hinds) was trans- 
fected into MCF-7 cells to generate cyclin Dl-overexpressing cell lines. 

Intracellular localization of p27. HMECs were EGF-depleted for 48 h and 
endogenous p27 detected by immunocytochemistry as described". 
Nuclear cytoplasmic fractionation was carried out by digitonin-permeabi- 
lization as described". Nuclei were isolated by centrifugation and tine su- 
pernatant containing the cytosolic fraction collected. Equal cell volumes of 
nuclear and cytoplasmic lysates were assayed for p27 by immunoblotting. 
The nuclear protein, RCC1, was blotted as a fractionation control. YFP- 
tagged p27 expression was detected by direct fluorescence microscopy of 
transfected cells. Photographs were taken at x400 magnification using an 
Emplx digital camera and 'CoolSnap' (Photomajics, Pittsfield, 
Massachusetts) software. 

Nuclear import assays. Import assays were carried out as described". 
MCF-7 cells were digitonin permeabilized and isolated nuclei incubated 
with cytosolic proteins (4 jig/fil), an ATP-regenerating system and recombi- 
nant his-tagged WT, T157A orTI 57D p27 for 60 min at 21 °C. Nuclear and 
supernatant fractions were then separated by centrifugation and im- 
munoblotted for His-p27. Where indicated, Hls-p27Wr was reacted in vitro 
with cellular Akt before import assays. Pre-incubation with wheat germ ag- 
glutinin (200 fig/ml) abolished active p27 import. 

Flow cytometty. Cells were pulse-labeled with 10 jiM bromodeoxyuridine 
(BrdU), stained with anti-BrdU-conjugated FITC (Becton Dickinson, 
Mountain View, California) and propidium iodide and cell-cycle data ac- 
quired as described". 

Recombinant protein,  affinity purification and kinase assays. The 
p27WT, p27T1S7A and p27T157D cDNAs were subcloned into pET28a. 
Recombinant His-p27 was purified on nickel-agarose beads. An antibody 
against serine 473 (Ser473) phosphorylated Akt (ref. 26) was used to assay 
Akt activation by immunoblotting. For assays of Akt activity, Akt was im- 
munoprecipitated from 1 mg cell lysates and reacted with CSK-3-a as sub- 
strate using an Akt kinase kit (New England Bioiabs, Beverly, Massachusetts). 
Akt kinase assays were also carried out using either S (ig histone-H2B or 10 
Hg recombinant His-p27 as substrates as described". Cyclin El-dependent 
kinase activity was assayed and quantified as described'. 

Antibodies and immunoblotting. Antibodies to Akt, C5K-3-P, phospho- 
Akt, phospho-CSK3-p (Thr21) were obtained from New England Bioiabs; to 
p27 (C-19) and cdk2 from Santa Cruz Biotechnology (San Cruz, California); 
to p27 (DCS72) from Neomarkers (Fremont, California); to p27 from 
Transduction Labs (Lexington, Kentucky); to p-actin from Sigma (Oakville, 
Ontario). Cyclin El antibodies (mAbs El 2 and El 72) were obtained from E. 
Hariow. Antiphospho-Akt-substrate antibody was from New England 
Bioiabs. The antibody specific for T157-phosphorylated p27 was generated 
and provided by C. Viglietto. Cells were lysed in ice-cold NP-40 lysis buffer 
and Immunoblotted as described". 
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Patient population and statistical metliods. The population studied was 

a group of 128 patients wlio underwent surgery for non-metastatic primary 

breast cancer between 1986 and 1992 at the Sunnybrook Health Sciences 

Center. This study was approved by the Research Ethics Board of the hospi- 

tal. Kaplan-Meier survival and disease free survival curves were generated 

using nuclear p27 score and nuclear versus nuclear and cytoplasmic p27 as 

strata. Log-rank, Wilcoxon and -2log (LR) were used to assess significance. 

The association between discrete variables was tested using the x' test. 

immunohistochemistry. Paraffin sections of tumor blocks were stained for 

p27 as descrit)ed" using monoclonal p27 antibody CTransduction Labs, 

Lexington, Kentucky) diluted 1:1000 (0.25 ng/ml) in PBS or for phospho- 

Akt using the phospho-Akt (Ser473) antibody (NEB) diluted 1:200. Sections 
were counterstained with hematoxylin. The degree and localization of p27 

staining was scored independently by two pathologists (C.C. and ).Z.) and 

J.M.S. as described". Tumors showing both nuclear and cytoplasmic or ex- 

clusively cytoplasmic p27 in at least 35% of cells were scored 'N+C 

Tumors with exclusively nuclear p27 were scored as nuclear only (N only). 

Phospho-Akt was scored by |.Z. and J.M.S. 

Note: Supplementary information is available on the Nature Medicine website. 
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pjyKipi ^g gj, important effector of Gj arrest by transforming growth factor p (TGF-(1). Investigations in a 
human mammary epithelial cell (HMEC) model, including cells that are sensitive (184^) and resistant 
(184A1L5'') to Gj arrest by TGF-p, revealed aberrant p27 regulation in the resistant cells. Cyclin El-cyclin- 
dependent kinase 2 (cdk2) and cyclin A-cdk2 activities were increased, and p27-associated kinase activity was 
detected in 184A1L5* cells. p27 from 184A1L5'' cells was localized to both nucleus and cytoplasm, showed an 
altered profile of phosphoisoforms, and had a reduced ability to bind and inhibit cyclin El-cdk2 in vitro when 
compared to p27 from the sensitive 184* cells. In proliferating 184A1L5'* cells, more p27 was associated with 
cyclin Dl-cdk4 complexes than in 184^ While TGF-P inhibited the formation of cyclin Dl-cdk4-p27 complexes 
in 184'' cells, it did not inhibit the assembly of cyclin Dl-cdk4-p27 complexes in the resistant 184A1L5* cells. 
p27 phosphorylation changed during cell qrcle progression, with cyclin El-bound p27 in Go showing a different 
phosphoiylation pattern from that of cyclin Dl-bound p27 in mid-Gi. These data suggest a model in which 
TGF-P modulates p27 phosphoiylation from its q^clin Dl-bound assembly phosphoform to an alternate form 
that binds tightly to inhibit cyclin El-cdk2. Altered phosphorylation of p27 in the resistant 184A1L5'* cells may 
favor the binding of p27 to cyclin Dl-cdk4 and prevent its accumulation in cyclin El-cdk2 in response to 
TGF-p. 

■ Transforming growth factor-beta (TGF-p) arrests or delays Gj 
progression in normal epithelial cells (22). In contrast, riiost can- 
cer-derived cell lines show some resistance to Gj arrest by TGF-p, 
and in advanced cancers, TGF-3 may stimulate proliferation and 
metastatic progression (11). In this study, we investigated cell 
cycle effects of TGF-p and how p27, a key effector of arrest by 
TGF-p, is regulated using finite-life-span, normal human mam- 
mary epithelial cell (HMEQ strain 184, which is sensitive to 
TGF-p (16), and an immortal derivative of 184,184A1L5, which 
has undergone conversion to TGF-p resistance (46). For clarity, 
superscripts S (184*) and R (184X115*^) indicate sensitivity and 
resistance to growth arrest by TGF-p. 

Cell cycle progression through Gj phase is regulated by the 
sequential activation of D-type cyclin and then E-lype (yclin- 
dependent kinases (cdk's) (37). Cydin A-cdk2 is required for 
S-phase progression. cdk2 and cdk4 are both activated by cdk- 
activating kinase (CAK) (42), and cdk2 activation also requires 
dephosphorylation of inhibitoiy sites by Cdc25A (9). Both of 
these cdk-activating mechanisms are inhibited by TGF-p (17, 
20, 41). Gi cdk's are also regulated by two families of cdk 
inhibitors (38, 39): the kinase inhibitor proteins (KIP) p21, 
p27, and p57 and the inhibitors of cdk4 (INK4) pl5, pl6, pl8, 
and pl9. Both p21 and p27 contribute to TGF-p arrest (re- 
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viewed in reference 7) and both pl5 gene transcription (13, 
55), and pl5 protein stability (35) are increased by TGF-p. 

p27 was first discovered as a heat-stable inhibitor of cyclin 
E-cdk2 in TGF-p-arrested cells (20,33,41). While p27 mRNA 
is constant across the cell cycle, p27 protein levels are regu- 
lated by translational controls (15,28) and by ubiquitin-depen- 
dent proteolysis (32). p27 is maximal in GQ, and phosphoiyla- 
tion at T187 in late Gj targets its proteasomal degradation (29, 
36,54). The cyclin E-cdk2-inhibitory activity of p27 is maximal 
in Go and falls as cells move through Gj into S phase (14, 33, 
41). 

p27 plays two roles during Gj-to-S phase progression. In 
addition to inhibition of cyclin E-cdk2, p27 also acts early in G^ 
to facilitate assembly, activation, and nuclear localization of 
cyclin D-cdk complexes (5, 21). Polyak et al. showed that p27's 
cyclin E-cdk2 inhibitoiy activity could be titrated out of TGF- 
P-arrested cell lysates by addition of recombinant cyclin D2- 
cdk4 (33). This seminal observation led to the hypothesis that 
the abundance of cyclin Dl may regulate p27 function, with 
p27 shifting out of cyclin E-cdk2 complexes into cyclin D-cdk4 
complexes during Gj progression. It has been proposed that a 
key noncatalytic function of cyclin D-cdk's is to titrate p21 and 
p27 away from cyclin E-cdk2, allowing the activation of the 
latter in late Gj (5, 33). 

A number of observations suggest that p27 may not be pas- 
sively regulated by the abundance of cyclin Dl alone. In most 
normal and many transformed cell types, cyclin Dl-cdk4 acti- 
vation precedes that of cyclin E-cdk2 by several hours and is 
not immediately or simultaneously accompanied by cyclin El- 
cdk2 activation (2,37). Moreover, despite its abundance in GQ, 
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p27 is unable to assemble exogenously overexpressed cyclin Dl 
into cdk4 complexes in serum-starved fibroblasts (26). How- 
ever, overexpression of cyclin Dl together with constitutively 
activated MEK leads to sequestration of p27 away from cyclin 
E and into cyclin Dl-cdk4-p27 complexes (6). These observa- 
tions, together with data presented herein, suggest that p27 
may be actively regulated by phosphorylation to function either 
as an inhibitor of cyclin El-cdk2 or as an assembly factor for 
cyclin Dl-cdk's. The shift of p27 out of cyclin El-cdk2 and into 
cyclin Dl-cdk complexes may be regulated by mitogenic ki- 
nases acting early in Gj and not merely passively regulated by 
the increasing abundance of cyclin Dl protein. 

Gj arrest by TGF-P is broujght about by a series of comple- 
mentary and redundant mechanisms (7, 25). In epithelial cells, 
inhibition of Gj cyclin-cdk's by TGF-p involves the coordinate 
actions of pl5 and p27 (34, 35). pl5 induced by TGF-p was 
initially thought to dissociate p27 and cyclin Dl from cdk4 and 
promote the binding and inhibition of cyclin E-cdk2 by p27. 
Recent data suggest that, where pl5 and p27 are both func- 
tional, they cooperate. However, cells lacking either pl5 or p27 
can still undergo TGF-P-mediated arrest (12, 17, 30). pl5 is 
not required for binding and inhibition of cyclin E-cdk2 by p27, 
since cells bearing pl5 deletions can still respond to TGF-p 
with accumulation of p27 in cyclin E-cdk2 and kinase inhibi- 
tion (12, 17). 

In HMECs, TGF-P mediates an increase in pl5 stability and 
binding to cdk4, dissociation of p27 and cyclin Dl from cdk4, 
and binding and inhibition of cyclin El-cdk2 by p27 in the 
sensitive 184^ cells but not in resistant 184A1L5'^ cells (35). 
We showed that, while pl5 from both cell types could dissoci- 
ate in vitro cyclin Dl-cdk4-p27 complexes isolated from 184^ 
cells, cyclin Dl-cdk4-p27 complexes from the 184A1L5'^ cells 
were resistant to dissociation by pl5, suggesting an alteration 
in their conformation. The present investigation suggests that 
defective p27 regulation, with constitutive activation of p27 
assembly function for cyclin D-cdk complexes, may underlie 
the TGF-P resistance in 184A1L5'*. Our data suggest a model . 
in which TGF-P regulates the affinity of p27 binding to its 
target cdk's by modulating p27 phosphorylation, shifting it 
from an assembly factor for D-type cyclin-cdk's to a form that 
binds and effectively inhibits cyclin E-cdk2. 

MATERIALS AND METHODS 

Culture of HMECs. Tlie derivation of normal finite-life-span HMECs from 
specimen 184 has been described (44). The immortal cell line 184A1 was derived 
following exposure of 184 HMECS to benzo(a)pyrene (45). Early-passage 
184A1* is sensitive to growth inhibition by TGF-p. With progressive passage, 
cells undergo a gradual conversion process with outgrowth of a TGF-p-resistant 
population (46). Fully TGF-p-resistant cells can be readily isolated from late- 
passage 184A1 cells to give stable, growth-resistant sublines, such as 184A1L5'^. 
The resistant subpopulation in 184A1^ cannot arise as a result of a single genetic 
event, since all of four separate single-cell clones of 184A1^ that were examined 
exhibited, when expanded, the presence of a TGF-p-resistant subpopulation. 
Thus, the switch from sensitive to resistant occurs at a population frequency that 
defies explanation on the basis of a single mutation. Hence, mutation of the 
cdk's, cydins, or cdk inhibitors cannot underlie the conversion from TGF-p 
growth inhibited to growth resistant. Both 184^ and 184A1L5'' express normal 
TGF-p receptors and produce an extracellular matrix in response to TGF-p (16, 
48). 

HMECs were grown in MCDB 170 medium (Clonetics Ojip., San Diego, 
Calif.). HMECi were Go arrested by blocking epidermal growth factor (EGF) 
receptor signal transduction as described earlier (47). Asynchronously growing 

HMECs were treated with 2.5 ng of TGF-pi (Genentech Inc., San Francisco, 
Calif.)/ml for 48 h. 

Production of cyclin El-cdk2 by baculovirus infection of Sf-9 cells. Sf-9 cells 
and TNM-FH media were obtained from Invitrogen. Adherent Sf-9 cells were 
coinfected with baculoviruses expressing human (ycUn El or human cdk2 genes, 
and cyclin El and cdk2 were prepared as described earlier (24). Sf-9 cell lysates 
containing cyclin El and cdk2 were used directly in p27 inhibitor assays and p27 
binding assays. 

Flow cytometry analysis. Oils were pulse labeled with 10 M-M bromodeoxyuri- 
dine and processed for flow cytometry as described (35). 

Antibodies. The anti-EGF receptor monoclonal antibody (MAb) 225 was 
provided by Steve Wiley (University of Utah Medical Onter, Salt Lake City, 
Utah). Antibodies to (yclin A, cdk2, cdk4, cdk6, and p27 (C-19) were obtained 
from Santa Cruz Biotechnology; to (yclin Dl (DCS-6) and p27 (DCS-72) from 
Neomarkers; to PSTAIRE from S. Reed (The Scripps Research Institute, La 
Jolla, Calif.); and to cyclin El (MAbs E12 and E172) from E. Harlow (Massa- 
chusetts General Hospital, Boston, Mass.). These cyclin El antibodies are spe- 
cific for cyclin El (24). Cyclin A MAb E67 was provided by J. Gannon and T. 
Hunt (Imperial Cancer Research Fund, London, England). p27 rabbit polyclonal 
serum (pAb5588) was provided by H. Toyoshima and T. Hunter (Salk Institute, 
La Jolla, Calif.). p27 and RCCl antibodies were purchased from Transduction 
Laboratories. 

Immunoblotting. Oil lysis and immunoblotting were performed as described 
earlier (35). Equal protein loading was verified by blotting for p-actin. To assay 
cyclin El-cdk-p27 complexes, (^clin El or p27 was immunoprecipitated from 200 
(ig of protein lysate. Immunoprecipitates were resolved, transferred, and blotted 
with cyclin El, cdk2, and p27 antibodies. Proteins were detected by enhanced 
chemiluminescence (ECX). Antibody-alone controls were run along side all 
immunoprecipitates. 

To compare the relative amounts of cyclin-bound p27, lysates from actively 
proliferating or Go-arrested cells were serially immunoprecipitated with cyclin 
Dl antibody three times. Cyclin El was then serially immunoprecipitated three 
times, followed by a final precipitation with anti-p27 antibody (c5l9). For Go 
cells, cdk4 and cdk6 were immunoprecipitated prior to p27 precipitation. Pre- 
cipitates were resolved and immunoblotted for associated proteins. The relatwe 
amounts of cyclin Dl and (yclin Dl-bound p27 were measured by densitometric 
analysis of two different exposures on Western blots from each of two different 
biologic experiments. The relative amounts of cyclin Dl and of p27 bound to 
cyclin Dl were graphed as a percentage of the total in TGF-p-resistant 
184A1L5^ For Go lysates, q-clin D1-, E1-, cdk4- and cdk6-bound p27 and 
remaining p27 were quantitated from different ECX exposures from two different 
experiments. 

cdk assays. C^yclin El, cyclin A, or p27 complexes were immunoprecipitated 
and reacted with [^-'^PJATP and histone HI as described eariier (10, 41). 
Radioactivity incorporated in histone substrate was quantitated using a Molec- 
ular Dynamics Phosphorlmager and ImageQuant software. Radioactivity incor- 
porated in control nonspecific mouse or rabbit polyclonal immunoglobulin G 
(IgG) immunoprecipitates was subtracted from test kinase values prior to quan- 
titation of differences between activities in different cell types or different con- 
ditions. 

Metabolic labeling. Cells were labeled metabolically for 1 h with 500 p.Ci of 
PSJmethionine as described earlier (35). Lysates were precleared and incorpo- 
ration of radioactivity was assayed by quantitation of trichloroacetic acid-insol- 
uble counts. Volumes representing 10* cpm of trichloroacetic acid-insoluble 
radioactivity were precipitated with either cdk4 or cyclin Dl antibodies or non- 
immune serum. Immune complexes were resolved, gels were dried, and proteins 
were visualized by autoradiography. 

p27 immunocytochemistry. HMECs were grown to 60% confluence on glass 
slides and were then depleted of EGF for 48 h. Oils were fixed and p27 
immunoreactivity was detected using p27 MAb from Transduction Laboratories, 
as described earlier (4). Isotype-specific polyclonal mouse IgG was used in place 
of primary antibody for negative controls. The pattern of p27 immunostaining 
was confirmed using the polyclonal C-19 p27 antibody (Santa Cruz Biotechnol- 
ogy). 

Nuclear cytoplasmic fractionation. HMECs arrested by EGF depletion for 
48 h were harvested and resuspended in ice-cold buffer (20 mM HEPES, pH 7.3, 
110 mM KOAc, 5 mM NaOAc, 2 mM MgfOAcjj, 1 mM EGTA, and 2 raM 
dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride, 0.5 (ig of leupeptin/ 
ml, and 1 (ig of aprotinin/ml). The cells were permeabilized at 4''C for 5 min by 
gradual addition of 2 to 3 jil of 0.1% digitonin until 95 to 98% permeabilization 
was achieved (detected by ttypan blue staining). Nuclei were isolated by centrif- 
ugation, and the supernatant containing the cytosolic fraction was collected. The 
nuclei were washed, and ice-cold 0.1% NP-40 lysis buffer (see above for immu- 
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noblotting) was added to both fractions. To verify the adequacy of fractionation, 
immunoblots were probed for the nuclear protein RCCl. 

Transfection of HMECs with fluorescent-tagged p27 and p27 localization. A 
vector encoding wild-type human p27 cDNA fused to the yellow-green variant of 
theAequorea victoria green fluorescent protein (YFPp27wt) was prepared in the 
pEYFP-Cl vector from Qontech Laboratories. HMECs were grown on glass 
slides to 60% confluence, depleted of EGF, and then transfected with the 
YFPp27wt vector using Upofectamine PLUS Reagent (Life Technologies) ac- 
cording to the manufacturer's instructions. Fluorescent-tagged p27 was observed 
with a Zeiss Axiovert SIOOTV microscope with a C-Aprochromat 40x objective. 
Photographs were taken at 400X magnification, using an Empix digital camera 
and "CoolSnap" software. 

Assays of p27 inhibitor function and binding to tydin El-cdk2. 184^ or 
184A1LS'' cells were arrested in Go by EGF depletion for 42 h following 48 h of 
contact inhibition. Fifty- to SOO-fig cell lysates were precipitated with pAb5588 
anti-p27 serum or control polyclonal rabbit IgG and protein A-Sepharose beads. 
For testing unboiled p27 inhibitory and binding activity, p27 immunoprecipitafes 
were washed three times with 0.1% NP-40 lysis buffer and finally with reaction 
buffer (20 mM Tris, pH 7J, 7J mM MgOj, and 1 mM DTT). The immunopre- 
cipitated p27 was incubated with a molar excess of recombinant cyclin El-cdk2 
at 30°C for 30 min. Complexes were then assayed either for HI kinase activity or 
immunoblotted to detect associated proteins. The kinase activity of "uninhibit- 
ed" recombinant cyclin El-cdk2 was assayed following admixture with nonspe- 
cific IgG antibody control precipitates. 

For testing heat-stable p27 inhibitor and cyclin El-cdk2 binding activity, p27 
immunoprecipitates were washed and then boiled for 5 min in 200 (il of reaction 
buffer, placed on ice, and then cleared by centtifugation. The p27 in the super- 
natant was recovered, recombinant cyclin El-cdk2 and DTT (1 mM final con- 
centration) were added, and the mixture was incubated at 30°C for 30 min, 
followed by immunoprecipitation with either anti-cyclin El (MAb E172) or 
control polyclonal mouse IgG (Sigma). Complexes were then either assayed for 
HI kinase activity or immunoblotted to detect cyclin El-bound cdk2 and p27. 

ZDIEF and phosphatase treatment Cells were lysed in ice-cold 0.1% Tween 
20 lysis buffer (50 mM HEPES, pH 7.5,150 mM NaQ, 1 mM EDTA, pH 8.0,2.5 
mM EGTA, pH 8.0,10% glycerol, 10 mM p-glycerophosphate, 1 mM NaF, 0.1% 
TWeen 20,1 mM phenylmethylsulfonyl fluoride, 0.1 mM Na2V04,0.5 mM DTT, 
and 0.02 mg each of aprotinin, leupeptin, and pepstatin per ml). For two- 
dimensional isoelectric focusing (2DIEF), p27 immunoprecipitates were dena- 
tured in 8 M urea, loaded onto immobilized linear pH gradient (pH 3 to 10) or 
nonlinear (pH 3 to 10) lEF strips, and focused for 50,000 V-h, using the IPGphor 
apparatus from Amersham Pharmacia. The lEF strip was equilibrated in 50 mM 
Tris, pH 8.8,6 M urea, 30% glycerol, and 2% sodium dodecyl sulfate (SDS) for 
30 min before loading for SDS-poIyaciylamide gel electrophoresis (PAGE). Gels 
were transferred to a polyvinyl difluoride membrane, and p27 isoforms were 
detected by immunoblotting using p27 antibody from Transduction Laboratories. 
For 2piEF of cyclin Dl-or cyclin El-bbund p27,2 to 5 mg of protein lysate was 
precipitated with the appropriate antibody. For phosphatase treatment, p27 
immunoprecipitates were washed twice with phosphatase buffer (50 mM Tris, pH 
8.0, arid 10% glycerol) and were then incubated at 37°C for 3 h with 10 U per 
lO-til reaction of calf intestinal alkaline phosphatase (Boehringer Mannheim). 

"For orthophosphate labeling, cells were transferred to phosphate-free medium 
for 1 h prior to labeling with 1 mCi of pPJorthophosphate per plOO dish for 3 h. 
p27 was immunoprecipitated, and then complexes were resolved by 2DIEF. 
Immunoblotted p27 was detected by ECL and then exposed to film for autora- 
diography. 

RESULTS 

p27-cyclm-cdk2 complexes in TGF-p-resistant cells have in- 
creased kinase activity. To investigate p27 effects on cdk2 
complexes, lysates were prepared from asynchronous 184^ 
(passage 12) and 184A1L5'* populations with similar cell cycle 
distributions. 184® cells had 68% Gj-, 25% S-, and 17% Gj/ 
M-phase cells, while the 184A1L5'* cells had 65% Gj-, 28% S-, 
and 17% Gz/M-phase cells. The doubling times of the two cell 
types were similar at approximately 26 h. Levels of cyclin and 
cdk expression were quantitated by densitometry of different 
ECL exposures to ensure that the band densities were in the 
linear range of the film. Equal protein loading was verified by 
reprobing for P-actin. While the amounts of cyclin El and 
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FIG. L Cyclin-cdk2-p27 complexes and kinase activities. Cell lysates 
were prepared from asynchronously growing 184^ (p*) and 184A1L5'* 
0"^) cells that had similar cell cycle distributions (% S phase indicated). 
(A) Cyclin El- and cyclin A-associated kinase activities. Cyclin El and 
cyclin A immunoprecipitates (IP) were assayed for associated kinase ac- 
tivities (left) or resolved by SDS-PAGE, transferred, and immunoblotted 
for cyclin and associated cdk2 (right) as described in Materials and Meth- 
ods. For quantitation of the Mnase reactions, radioactivity in nonspecific 
immune control (IgG) was subtracted and kinase activities were plotted as 
a percentage of the maximum (% max). Radioactivity in histone HI bands 
is shown in the graph inset (B) Ciyclin El immunoprecipitated from 
asynchronously growing or TGF-p-treated 184* (P^) or 184A1L5'^ (p*^). 
Complexes were resoh-ed and proteins were detected by immunoblotting 
as indicated. Antibody-only control is shown on the right (C) p27 immu- 
noprecipitates in 184A1L5'* cells contain active kinase. p27 immunopre- 
cipitates from asynchronous HMECs with similar cell cycle distributions 
were assayed for cdk2 activity using histone HI as substrate or resoh-ed 
and immunoblotted for p27 and associated cdk2. Radioactivity in the 
nonspecific immune conti-ol (IgG) was subtracted prior to quantitation as 
for panel A above. 

cyclin El-bound cdk2 were similar, cyclin El-cdk2 activity was 
higher in the resistant cells than in the sensitive cells (Fig. lA). 
Similarly, cyclin A-dependent kinase activity was also elevated 
in 184A1L5'* (Fig. lA), despite similar levels of cyclin A and 
cyclin A-bound ccik2. 
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Cyclin El-bound cdk2 in proliferating 184A1L5'^ cells 
showed an increase in the proportion of CAK-activated faster- 
mobility cdk2 isoform from that in 184^ cells (Fig. lA and B). 
Despite the higher cycliri El-cdk2 activity, there was no loss of 
cyelin El-bound p27 in proliferating 184A1L5** cells. Indeed, 
cyclin El-bound p27 was somewhat increased in asynchro- 
nously growing resistant cells. These data raised the possibility 
that p27 from the 184A1L5'^ might bind cyclin El-cdk2 with an 
altered conformation, possibly permitting cdk2 activity. To test 
this, equal amounts of p27 were precipitated from the two cell 
lines and were assayed for associated histone HI kinase activity 
(Fig. IC, left), and parallel p27 immunoprecipitations were 
immunoblotted to detect p27 and associated cdk2 (Fig. IC, 
right). Asynchronously growing sensitive and resistant cells 
expressed p27 protein at similar levels. p27 immunoprecipi- 
tated from proliferating 184A1L5'* showed significant histone 
HI kinase activity, while that from 184^ cells was only mini- 
mally above the nonspecific activity detected in nonimmune 
control precipitates. The amounts of cdk2 bound to p27 in 
asynchronous 184^ and 184A1L5'* cells were similar. 

TGF-P inhibits cyclin Dl-cdk4-p27 assembly in 184^ but not 
in 184A1L5'* cells. The ability of newly synthesized cyclin Dl 
and cdk4 to assemble into cyclin Dl-cdk4-p27 complexes was 
assayed by metabolic labeling in 184^ and 184A1L5'* cells. The 
HMECs were pulse labeled with pS]methionine after 48 h of 
EGF depletion (Go arrest) or at 12 h after release from GQ by 
readdition of EGF without (mid-Gj) or with addition of 
TGF-p. Metabolically labeled cyclin Dl and cdk4 complexes 
are shown in Fig. 2. In GQ, newly synthesized cyclin Dl pre- 
cipitates did not bind cdk4, and cyclin Dl and p27 were barely 
detectable in cdk4 precipitates. In mid-Gj, at a time when 
cyclin Dl-cdk4 is active (35), cdk4 immunoprecipitates con- 
tained both cyclin Dl and p27. Although p27 is abundant in 
EGF-depleted, Go-arrested HMECs (see Fig. 5), it does not 
appear to facilitate the assembly of newly synthesized cyclin Dl 
with cdk4 (Fig. 2). Thus, the cyclin Dl-cdk assembly function 
of p27 is lacking in GQ, and p27 may require posttranslational 
modification to function as an assembly factor as cells move 
from GO to mid-Gj. When TGF-p was added to 184^ cells at 
the same time that cells were stimulated to reenter cell cycle by 
readdition of EGF, the association of p27 and cyclin Dl with 
cdk4 was inhibited. While TGF-p caused a modest reduction in 
^Tithesis of cdk4 in 184^ cells, it caused a more notable reduc- 
tion in the relative amounts of cdk4-associated cyclin Dl and 
p27. In contrast, TGF-P did not prevent the assembly of p27- 
cyclin Dl-cdk4 in resistant 184A1L5^ cells. 

p27 from 184A1L5'' cells is more cyclin Dl bound than p27 
from 184* cells. The steady-state levels of cyclin Dl-bound p27 
in asynchronous cells were compared by immunoprecipitation- 
Westem blotting in the two lines. In addition to the differences 
in p27's functional association with cyclin El-cdk2 complexes 
between the two lines (Fig. 1), proliferating 184A1L5'* cells 
also showed an almost-twofold increase in steady-state binding 
of p27 to cyclin Dl from the level in 184^ cells (Fig. 3A and B). 
Cyclin Dl immunoprecipitated from the resistant cells consis- 
tently showed, on repeat assays, a greater amount of associated 
p27 than did cyclin Dl from asynchronously proliferating 184^ 
cells. p27 binding to cyclin Dl was corrected for the minor 
difference in total cyclin Dl immunoprecipitated from the two 
cell types and was graphed as a percentage of that observed in 
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FIG. 2. p27-cyclin Dl-cdk4 assembly detected by metabolic label- 
ing. 184^ (A) and 184A1L5'^ (B) were grown to 60% confluence and 
were then arrested by EGF deprivation (GQ). Cells were then trans- 
ferred to complete medium and cultured for 12 h without (n)id-Gi) or 
with addition of TGF-p. At the times indicated, cells were pulse la- 
beled with PS]methionine and were cyclin Dl or cdk4 immunopre- 
cipitated. Nonimmune controls (IgG) were run alongside cyclin Dl- 
cdk4 precipitates. Cyclin Dl, PCNA, cdk4, and p27 are indicated with 
arrows on the right. Molecular weight markers in kilodaltons (kD) are 
indicated on the left. 

184A1L5'* in Fig. SB. Moreover, the cyclin Dl-bound p27 
showed a slower mobility on SDS-PAGE than did cyclin El- 
bound p27 (Fig. 3C). Cyclin El-bound p27 from Go cells had a 
mobility similar to that in asynchronous cells (not shown). The 
possibility that these different mobility forms of p27 may reflect 
altered p27 phosphorylation in cyclin Dl from that in cyclin El 
complexes was pursued further by 2DIEF (see below). 

p27 from 184A1L5'^ cells has a reduced ability to bind and 
inhibit cyclin El-cdk2. To test p27 inhibitory function directly, 
p27 was immunoprecipitated and its ability to bind and inhibit 
recombinant cyclin El and glutathione transferase (GST)- 
tagged cdk2 complexes (cyclin El-cdk2GST) was assayed. To 
ensure that differences in p27 function were not due to subtle 
differences in the cell cycle profiles between the two cell types, 
cells were GQ arrested by contact inhibition and EGF depletion 
(88 to 90% of cells with 2 N DNA content and <2% of cells in 
S phase). The amounts of p27 to be compared from the two 
cell types were titrated by immunoblotting and were arbitrarily 
designated 0.5x, Ix, and 2X. p27 immunoprecipitates from 
Go-arrested 184® cells contained more associated endogenous 
cellular cyclin El and cdk2 than did p27 from quiescent 
184A1L5'* cells (left side. Fig. 4A). On addition of recombi- 
nant cyclin El-cdk2GST. approximately twice as much cyclin 
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FIG. 3. p27 binding to cyclin Dl and cyclin EL (A) Asynchronously 
growing 184^ (P*) or 184A1L5'* (P*^) cell lysates containing 200 jig of 
protein were serially immunodepleted of cyclin Dl. Lanes 1 to 3 and 4 
to 6 represent serial cyclin Dl immunoprecipitation (IP) from p^ and 
P*' cells, respectively. Immune complexes were resolved by SDS- 
PAGE and transferred, and blots were probed for cyclin Dl and p27. 
Lane C, control. (B) Cyclin Dl and p27 levels were quantitated by 
densitometry from different exposures of the blots in panel A, and the 
amounts of cyclin Dl-bound p27 were corrected for the difference in 
total qrclin Dl between the two lines and graphed as a percentage of 
the maximum (% max) of that seen in the p^ cells. (C) The mobilities 
of cyclin Dl (CycDl)- and cyclin El (CycEl)-bound p27 from asyn- 
chronous p^ and p'' cells are shown. Fifty micrograms of lysate was 
used for the cyclin Dl iminuhprecipitation, and 250 ng of lysate was 
used for cyclin El precipitation. 

El-cdk2Gsx bound to p27 from 184^ cells than to p27 from 
184A1L5'* <»lls (right side, Fig. 4A). 

The cyclin El-cdk2 inhibitory function of p27 was assayed 
using the same Go-arrested 184® or 184A1L5'^ lysates as for 
Fig. 4A. Recombinant cyclin El-cdkZosr w^s incubated with 
the indicated amounts of immunoprecipitated p27 from each 
cell type. Uninhibited cyclin El-cdk2osT activity was quanti- 
tated and compared with the activity remaining after admix- 
ture of cellular p27. The cyclin El-cdk2-inhibitory activity of 
p27 from 184^ cells was approximately twice that of p27 from 
184A1L5'* cells (Fig. 4B). The data graphed are the mean of 
three kinase inhibition assays. 

To test if this difference in inhibitory activities reflected 
different amounts of free, non-cyclin-bound p27, cyclins and 
cdic's were immunodepleted from GQ lysates and the amount of 

residual p27 was assayed by immunoblotting. Serial immu- 
nodepletion of cyclin Dl, cyclin El, and then of cdk4 and -6 
followed by p27 precipitation and p27 immunoblotting showed 
a significant excess of p27 remaining in the final immunopre- 
cipitation in both 184® and 184A1L5'^ GQ lysates (80 and 67% 
of total, respectively, as assayed by densitometry, data not 
shown). The non-cyclin Dl- and El-bound p27 in 184® cells 
was only 1.2-fold higher than that in 184A1L5'*, and this dif- 
ference in potentially unbound p27 could not fully account for 
the increased inhibitory activity in the 184® lysates. The cyclin 
E immunodepletion confirmed that GQ 184® cells had more 
cyclin El-bound p27 than did 184A1L5'^ cells. There was a 
modest amount of cyclin Dl-bound p27 in the resistant cells, 
but cyclin Dl-bound p27 was negligible in G,, 184® cells. Thus, 
sequestration by cyclin Dl was not sufficient to account for the 
difference in inhibitory activities shown in Fig. 4B. 

Reduced ability to bind and inhibit cyclin El-cdlc2 is a 
heat-stable property of p27 from 184A1L5'*. As a second mea- 
sure to rule out p27 sequestration by associated heat-labile 
cyclins or novel proteins, we made use of the heat-stable prop- 
erty of p27. p27 immunoprecipitated from 184® or 184A1L5'* 
cells was boiled (100°C for 5 min). Under these conditions, p27 
is essentially monomeric (14, 41). The recovered heat-stable 
p27 was incubated with cyclin El-cdk2GST- The binding of p27 
to recombinant cyclin El was detected by immunoblotting 
after cyclin El immunoprecipitation. Less heat-stable p27 from 
184A1L5'^ cells bound to the recombinant cyclin El-cdk2osT 
than did p27 from the 184® cells (Fig. 4C). The difference in 
the kinase-inhibitory activities of heat-stable p27 from the two 
cell types was essentially the same as that observed for Fig. 4B. 
Approximately twice as much heat-stable p27 from the resis- 
tant cells was required to achieve the same inhibition of cyclin 
El-cdk2GST as from the 184® cells (not shown). Thus, the 
reduced ability of the heat-stable p27 from 184A1L5'* cells to 
bind and inhibit cyclin El-cdk2 was not due to sequestration by 
cyclins nor likely due to the presence of a novel p27-associated 
protein but might rather reflect a heat-stable, posttranslational 
modification. 

p27 shows altered intracellular localization in resistant 
cells. Some advanced cancer-derived cell lines show mislocal- 
ization of p27 in the cytoplasm (31). To test whether the loss of 
p27 function in 184A1L5'* cells was associated with altered 
cellular localization, the immunolocalization of p27 was as- 
sayed. p27 was predominantly nuclear in 184® cells, while qui- 
escent 184A1L5'* cells showed both nuclear and strong cyto- 
plasmic p27 staining (Fig. 5A). Subcellular fractionation and 
immunoblotting confirmed a nuclear-to-cytoplasmic ratio of 
p27 in 184A1L5'* cells of approximately 1.5:1, while that in the 
184® cells was greater than 6:1 (representative blot, Fig. 5B). 
The nuclear protein RCCl provided a control for fractionation 
(27). Similarly, TGF-p-arrested 184® cells showed nuclear p27 
localization, while TGF-p-treated 184A1L5'^ cells showed 
both nuclear and cytoplasmic p27 staining (not shown). More- 
over, when 184® and 184A1L5^ cells were transiently trans- 
fected with a vector encoding YFPp27wt, the p27 fluorescence 
detected 24 h posttransfection was exclusively nuclear in 184® 
cells but both cytoplasmic and nuclear in 184A1L5'* cells (Fig. 
4C). 

When nuclear and cytoplasmic fractions were compared 
from the two cell lines, equal amounts of p27 from both nu- 
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FIG. 4. In vitro assays of p27's ability to bind and inhibit cyclin 
El-cdk2. (A) Titrated amounts of p27 were immunoprecipitated (IP) 
from Go-arrested 184^ (p*) or 184A1L5'^ (p"*) cells, resolved by SDS- 
PAGE, and associated cellular q'clin El and cdk2 (endogenous) de- 
tected by immunoblotting (left panels). On the right, the indicated 
amounts of immunoprecipitated p27 from p^ and p** cells were mked 
with recombinant (recomb) cyclin El and GST-tagged cdk2 and were 
then resolved by SDS-PAGE and p27-bound endogenous (endog) and 
recombinant proteins detected by immunoblotting. (B) The inhibitory 
activity of p27 is reduced in 184A1L5'*. Recombinant cyclin El-cdk2 
(recomb E/k2) was mfaced with the indicated amounts of p27 immuno- 
precipitated from the same 184^ (P^) or 184A1L5'^ (p^) cell lysates as 
for panel A above, and histone HI kinase activity was assayed. Inhi- 
bition of E/k2 activity by the addition of p27 is shown. Radioactivity 
incorporated into histone HI is shown in the autoradiograph (inset, 
upper right) and graphed as a percentage of the maximum (% max) 
uninhibited E/k2 activity. (C) TTie reduced affinity for E/k2 is a heat- 
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FIG. 5. p27 shows increased qtoplasmic localization in the 
184A1L5'* cells. (A) Immunocytochemistry shows strong nuclear p27 
staining in Go-arrested 184'^ (p^, left). p27 is localized in both nucleus 
and cytoplasm in Go-arrested 184A1L5'^ cells (p*^, center). The nega- 
tive control in 184A1L5'* cells is shown (right). (B) p27 content of 
nuclear (N) and cytoplasmic (C) fractions of quiescent p^ and p'' cells 
was assayed by Western blotting. (C) p^ and p"^ cells were transfected 
with fluorescence-tagged p27 (YFPp27wt), and 24 h after transfection, 
p27 was detected by fluorescence microscopy. Cells in panels A and C 
were photographed at 400 X magnification. 

clear and cytoplasmic fractions from 184A1L5'* showed a de- 
creased ability to bind recombinant cyclin El-cdk2GST. com- 
pared to nuclear p27 from the 184* cells (not shown). Thus, the 
reduced cyclin El-cdk2 binding affinity of total cellular p27 
from 184A1L5*^ cells could not be attributed solely to the 
presence of a dysfunctional p27 localized in the cytoplasm. 

p27 phosphorylation is altered in TGF-P-resistant cells. 
2DIEF showed that the differences in p27 function and local- 
ization between the 184^ and 184A1L5'^ cells were associated 
with differences in p27 phosphorylation. In GQ cells, at least 
seven different p27 isoforms could be reproducibly distin- 

stable property of p27 from 184A1L5'^ cells. The indicated amounts of 
immunoprecipitated p27 from p^ and p"^ cells were boiled (lOOX for 
5 min). The initial amount of p27 used is indicated in the immunoblot 
(top left), and p27 reprecipitated after boiling is shown (lower left). 
The free heat-stable p27, recovered after p27 complexes were boiled, 
was mixed with recombinant tyclin El and cdk2 proteins. Cyclin El 
was then immunoprecipitated, and the amount of cyclin El-bound 
cellular p27 was detected by blotting. Results shown in panels A to C 
are a representative of at least three experiments. 
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FIG. 6. p27 phosphoiylation differs between 184^ and 184A1L5'* 
cells. p27 was immunopredpitated (IP) using polyclonal p27 pAb5588 
from Go-arrested 184^ (p^) or 184A1L5'* 0^) cells. For 2DIEF, com- 
plexes were resolved using the lEF strips with a linear gradient of pH 
3 to 10 (3-10 L) followed by SDS-12% PAGE. Gels were transferred 
and p27 isoforms were detected by immunoblotting with the Trans- 
duction Laboratories p27 antibody. The lEF points (pi) of the p27 
isoforms (forms 1 to 7) are indicated with arrows. In the third panel, 
the p27 immunprecipitates from p^ and p^ cells were mixed prior to 
2DIEF. The bottom panel shows that, after phosphatase treatment, 
most of the p27 migrated at the highest lEF point, 6.5. 

guished by 2DIEF, using an amphotric carrier with a linear pH 
range of 3 to 10 (Fig. 6). The dominant isoform of p27 in GQ 

184* cells (form 1) was the least negatively charged isoform, 
migrating close to the predicted lEF point for p27 of 6.5, with 
others at pi's of 6.24 (form 2), 5.95 (form 3), 5.58 (form 6), and 
5.48 (form 7). TGF-p-resistant 184A1L5'^ cells showed a dif- 
ferent pattern of p27 isoforms in GQ- Two major isoforms were 
seen at pi 6.5 and 5.95, with three minor forms at 6.24, 5.8 
(form 4), and 5.65 (form 5). The isoforms at pi 5.54 and 5.48 
observed in 184 were not detected in 184A1L5'* cells. Forms 1 
to 3 were common to both celllines, as they comigrated when 
immunopreclpitates from each line were mixed prior to 
2DIEF; however, their relative abundance differed significantly 
between the two cell types. p27 form 1 was the dominant 
isoform in 184® cells, while the relative abundance of isoform 
3 (pi 5.95) was greater in 184A1L5'^ cells. With phosphatase 
treatment prior to 2DIEF, most p27 migrated as form 1, with 
a small amount migrating as form 2 (Fig. 6) (8). This small 
amount of form 2 remaining may result from an incomplete 
phosphatase reaction. However, ^^P-orthophosphate labeling 
showed that forms 1 and 2 did not incorporate any radioactivity 
(data not shown). While form 1 probably represents unphos- 
phorylated p27, form 2 may represent posttranslational modi- 
fication (such as acetylation, myristylation, or glycosylation) 
other than phosphoiylation. Taken together, these data sug- 
gest that isoforms 3 to 7 seen on 2DIEF are phosphoforms of 
p27. 
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FIG. 7. The phosphoiylation of cyclin El-bound p27 differs from 

that of cyclin Dl-bound p27. The 2D1EF profile of p27 in the 184^ (P^) 
or 184A1L5'^ (p**) cells was assayed in cyclin El immune complexes 
from Go (contact inhibition for 48 h, followed by 48 h of EGF depri- 
vation) (A) and in qjclin Dl immune complexes from mid-Gj (B). 
Cyclin El-bound p27 was treated with calf intestinal alkaline phospha- 
tase prior to 2DIEF for the lower part of panel A. Complexes were 
resolved on pH 3 to 10 nonlinear gradient (3-10 NL) lEF strips prior 
to resolution on SDS-12% PAGE and immunoblotting for p27. The 
arrows (A and B) indicate cyclin-associated p27 isoforms in IMAILS** 
that are not detected or less abundant in 184^ cells. IP, immuhopre- 
cipitation. 

Phosphoiylation of cyclin El-bound p27 differs from that of 
cyclin Dl-bound p27. While the levels of cyclin Dl were similar 
in the sensitive and resistant cells, more p27 was bound to 
cyclin Dl complexes in proliferating 184A1L5'* than in 184® 
cells (Fig. 3). Moreover, TGF-p did not inhibit the assembly of 
newly synthesized p27, cyclin Dl, and cdk4 into complexes in 
184A1L5'^ cells (Fig. 2). Since the mobilities of cyclin Dl- 
bound and cyclin El-bound p27 on SDS-PAGE gels differ (Fig. 
3C), suggesting a different p27 phosphoiylation state, we per- 
formed 2DIEF analysis on cyclin Dl-bound p27 from mid-Gi 
cells and q'clin El-bound p27 from Go-arrested cells using the 
nonlinear gradient pH 3 to 10 to ascertain whether the "as- 
sembly form" of p27 bound to Qfclin Dl might difter in its 
phosphoiylation from that bound to cyclin El. The phosphor- 
ylation of qfclin El-bound p27 (Fig. 7A) differed from that in 
cyclin Dl complexes (Fig. 7B). Phosphatase treatment con- 
firmed that the different p27 forms were due to phosphoiyla- 
tion (Fig. 7A and data not shown). 

Although there was only a minor difference in the phosphor- 
ylation patterns of cyclin Dl-bound p27 between the two lines, 
Fig. 3 demonstrated a twofold increase in the total amount of 
cellular p27 bound to cyclin Dl in 184A1L5'^ cells compared to 
the amount in 184® cells. Taken together, these data suggest 
that there may be a constitutive alteration of p27 phosphoiy- 
lation that shifts it toward the cyclin Dl-cdk assembly phos- 
phoform in the TGF-3-resistant cells. In addition, there was a 
subtle difference in phosphoiylation patterns of cyclin-bound 
p27 between 184A1L5'* and 184® cells. Certain cyclin El- 
bound phosphoforms detected in 184A1L5''* cells were not 
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seen in cyclin El complexes in 184^ cells (arrows, Fig. 7A). The 
most abundant cyclin Dl-bound p27 isoform in 184^ cells was 
the most hypophosphoiylated, and the three most negatively 
charged (most strongly phosphorylated) p27 isoforms detected 
in 184A1L5'^ cells were not detected in cyclin Dl complexes in 
184^ cells (arrows, Fig. 7B). These data may reflect constitutive 
activation of certain p27 phosphorylation events in 184A1L5'^ 
cells. 

DISCUSSION 

Earlier investigation of TGF-3 effects in these HMECs sug- 
gested a defect in p27 function (35). TGF-P increased pl5 
protein stability and its ■ association with cdk4 and cdk6 and 
inhibited assembly of cyclin Dl-p27-cdk4 and -cdk6 complexes, 
while p27 accumulated in cyclin El-cdk2 in 184^ cells but not 
in resistant 184A1L5'* cells (35). Moreover, cdk4-cyclin Dl- 
KIP complexes from 184A1L5'* lysates were resistant to dis- 
sociation by pl5 in vitro (35). These data led us to postulate 
that movement of p27 out of cyclin Dl-cdk4 complexes might 
be necessary to allow pl5 to displace cyclin Dl and inhibit cdk4 
and that altered posttranslational modification of p27 may 
prevent its dissociation from cdk4 complexes and abrogate 
sensitivity to Gj arrest by TGF-p. 

Several observations in TGF-p-resistant 184A1L5'^ cells 
suggest aberrant p27 regulation. The increased activities of 
cyclin El- and cyclin A-dependent kinases and the increased 
CAK activation of cyclin El-bound cdk2 are consistent with 
defective KIP function in 184A1L5''* cells. There was more p27 
bound to cyclin El in proliferating 184A1L5'^ cells, but p27 
binding did not appear to have the same inhibitory conse- 
quences as in 184^ cells. Indeed, p27 from proliferating 
184A1L5'^ cells was associated with histone HI kinase activity, 
while essentially none was detected in p27 complexes from 
proliferating 184^ cells. p27 itself is not a kinase. The p27- 
immunoprecipitable kinase activity detected in 184A1L5'^ cells 
may arise through the dissociation of cyclin El-cdk2 from p27 
in vitro after immunoprecipitation. Alternatively, p27 from the 
resistant cells may bind cyclin El-cdk2 with an altered confor- 
mation that allows both CAK access to cdk2 and cdk2 activity. 
The observation of p27-associated kinase activity is not without 
precedent (8, 21, 43). It was recently found that breast cancer 
cells resistant to antiestrogen-mediated Gj arrest showed al- 
tered p27 phosphorylation, p27-associated kinase activity, and 
reduced inhibitory function in vitro (8). p27 is a key mediator 
of Gi arrest by TGF-p and by antiestrogens, and, thus, it is not 
surprising that its function is altered in cells resistant to these 
different forms of Gj arrest. 

In the resistant cells, altered p27 regulation was also mani- 
fested by the localization of p27 in both the nucleus and cyto- 
plasm, in contrast to the largely nuclear localization of p27 in 
184® cells. The expression of stable cytoplasmic p27 observed 
in some primary cancers (40) and in malignantly transformed 
cell lines (31) could reflect similar perturbations of the cell 
cycle-regulatory machinery. The strong stable cytoplasmic ex- 
pression of p27 in 184A1L5'^ cells suggests either a dissociation 
of export and degradation (51) or impaired import of newly 
synthesized p27. It is not clear whether or how the increased 
cytoplasmic localization of p27 in the 184A1L5'* cells is linked 

to its increased association with cyclin Dl or with its reduced 
affinity for cyclin El-cdk2. 

In vitro assays indicated a reduced p27 affinity for cyclin 
El-cdk2 in Go-arrested 184A1L5^ cells. p27 from 184A1L5^ 
bound and inhibited less recombinant cyclin El-cdk2 in vitro 
than did p27 from 184^. Phosphatase treatment of the p27 
prior to cyclin El-cdk2 inhibition assays abolishecl the inhibi- 
toiy activity detected in both cell types (not shown), suggesting 
that certain p27 phosphorylation events are required for cyclin 
El-cdk2 inhibition. Overexpression of c-myc has been shown 
to induce a heat-labile factor that binds p27 and inhibits its 
association with cyclin E-cdk2 (53). However, the differences in 
p27 inhibitory activity could not be attributed to sequestration 
by cyclin Dl or a heat-labile inhibitor of p27 in 184A1L5*^ cells, 
since they persisted after boiling and, thus, more likely reflect 
the differences observed in p27 phosphorylation. While a heat- 
stable protein could reassociate with p27 and prevent its bind- 
ing and inhibition of cyclin El-cdk2 in these assays, the relative 
rarity of heat-stable cellular proteins mitigates against this. 

The reduced ability of p27 from GQ 184A1L5'^ to bind and 
inhibit cyclin El-cdk2 was associated with an altered p27 phos- 
phorylation profile. 2DIEF identified several p27 isoforms. 
The dominant form 1 (70% of total) in 184® cells migrated with 
the predicted p27 lEF point of 6.5. This hypophosphoiylated 
pi 6.5 isoform represented only 40% of the p27 from 
184A1L5'^ cells. Whether the different p27 isoforms seen on 
2DIEF reflect combinations of multiple phosphorylation 
events or specific changes in single phosphorylation sites is 
under investigation. 

p27 function changes during Go-to-S-phase progression. p27 
is a potent inhibitor of cyclin El-cdk2 in GQ- and in TGF-p- 
arrested cells. In quiescence or in TGF-P-arrested HMECs, 
newly synthesized cyclin Dl fails to bind cdk4. This is not likely 
attributable to the low abundance of cyclin Dl in quiescence, 
since cyclin Dl is clearly synthesized in Gg HMECs and since 
even ectopically overexpressed cyclin Dl fails to assemble with 
cdk4 in quiescent fibroblasts (26). The data of Matsushime et 
al. (26) suggested that a growth factor-stimulated event is re- 
quired for cyclin Dl-cdk4 assembly. Indeed, subsequent work 
showed that cyclin Dl overexpression mediates p27-cyclin Dl- 
cdk4 complex formation only when coexpressed with an acti- 
vated MEK, suggesting that MEK-dependent effects may fa- 
cilitate p27-cyclin Dl-cdk4 assembly (6). p27 may require 
posttranslational modification during Go-to-Gj progression in 
order to function in cyclin D-cdk assembly. We have shown 
that the pattern of p27 phosphorylation differs when it is bound 
to inactive cyclin El-cdk2 in GQ from that present in cyclin 
Dl-cdk complexes in mid-Gj. Thus, as cells move from GQ into 
Gi, p27 acquires the ability to function as a cyclin Dl-cdk 
assembly factor in association with changes in its phosphory- 
lation. 

In the 184A1L5'* cells, approximately twofold more cellular 
p27 was detected in cyclin Dl-complexes than in 184® cells. 
This twofold increase in cyclin Dl binding could potentially be 
significant, since changes of this magnitude in the amount of 
p27 accessible for cyclin E-cdk2 binding can have significant 
effects on cyclin E-cdk2 activity. Reynisdottir et al. showed that 
a two- to threefold increase in p27 was sufficient to fully satu- 
rate cyclin E, leading to Gi arrest (34). However, there was no 
reduction  in  p27 binding  to cyclin  El  in  asynchronous 
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184A1L5'^ cells; indeed, it was modestly increased. Moreover, 
immunoprecipitated p27 from resistant cells contained associ- 
ated histone HI kinase activity. These observations raise the 
possibility that the changes in p27 phosphorylation that allow 
its Qfclin D-cdk assembly function in mid-Gj may occur in 
association with a reduced ability to inhibit cyclin E complexes. 
The p27-associated kinase detected in 184A1L5'* cells may 
reflect kinase-active p27-cyclin-cdk2 complexes or kinase com- 
plexes containing p27 that readily dissociate in vitro. There is 
some experimental evidence to suggest that p27 may exist 
transiently in a cyclin E-bound, noninhibitory conformation in 
vivo in Gj (8, 54). Unfortunately, the low abundance of cyclin 
El-bound p27 in mid-Gj precluded analysis of its phosphory- 
lation status by 2DIEF. Constitutive activation of pathways 
leading to increased assembly of p27 into cyclin Dl-cdk4 com- 
plexes may also lead to a change in the inhibitory action of p27 
toward cyclin E-cdk2 in the 184A1L5^ cells. Alternatively, the 
pathways that regulate p27-cyclin Dl-cdk4 assembly and p27's 
cyclin E-cdk2 inhibitory function may be independent of each 
other, and both may be altered in the TGF-3-resistant cells. 

In the Go 184A1L5'* cells, the reduced ability to bind stably 
to cyclin El-cdk2 was associated with altered cellular p27 phos- 
phorylation. T187 phosphorylation of p27 by cyclin E-cdk2 (36, 
54) occurs near the G^-to-S-phase transition (3) and allows p27 
recognition by the ubiquitin ligase SCF^"^^ complex (Skp2, 
Cull, and Skpl) involved in its proteolysis (3, 49, 52). T187 
phosphorylation is minimal in GQ, and it does not reduce p27's 
affinity for cyclin El-cdk2 in vitro (36,54) (B. Amati, personal 
communication). Thus, phosphorylation of sites other than 
T187 must affect p27 function in 184A1L5'* cells. Although 
serine 10 appears to be a major p27 phosphorylation site in 
cells arrested by p27 transfection, mutation of serine 10 did not 
detectably alter the inhibitory activity of p27 toward cyclin 
E-cdk2 in vitro (18). Thus, serine 10 phosphorylation may not 
be relevant to the poor cyclin-E-cdk2 inhibitory function of p27 
in 184A1L5^ cells. 

Since the assembly and activation of cyclin D-cdk complexes 
(2, 5, 21) precede activation of cyclin El-cdk2 during normal 
Gi progression, kinases other than cyclin E-cdk2 may phos- 
phorylate p27 and condition it to function as a cyclin D-cdk 
assembly factor. The noncatalytic function of cyclin D-cdk 
complexes to titrate p27 may not be exclusively dependent on 
the abundance of D-type cyclins but is also actively regulated 
through p27 phosphorylation. As noted earlier, overexpression 
of activated MEK, together with cyclin Dl, can lead to seques- 
tration of p27 into cyclin Dl-cdk4 and activate cyclin E-cdk2 
though loss of p27 binding (6). Although mitogen-activated 
protein kinase activation occurs early and is required for Gj- 
to-S-phase progression in HMECs, the increased assembly of 
p27 in cyclin Dl complexes in 184A1L5'* cells could not be 
attributed to increased mitogen-activated protein kinase acti- 
vation (J. Liang and J. M. Slingerland, unpublished data). 

Constitutive ras activation has been shown to increase p27 
phosphorylation, leading to both a reduced affinity of p27 binding 
to cdk2 in vitro and to p27 degradation. In human cancer-derived 
lines, oncogenic activation of receptor tyrosine kinase pathways 
(23) or of ras (1,19, 50) may lead to TGF-3 resistance through 
accelerated p27 proteolysis or reduced cdk-inhibitory function. 
Only the latter of these effects is observed in the TGF-p-resistant 
184A1L5'* line. In proliferating 184A1L5'^ cells, the equilibrium 

of p27 binding was shifted, with more p27 bound to cyclin Dl than 
in 184® cells. Moreover, p27 from the resistant cells showed re- 
duced inhibitory activity against cyclin El-cdk2. These data sug- 
gest a model in which TGF-p modulates the posttranslational 
regulation of p27, converting it from a factor with high affinity for 
cyclin Dl-cdk4 to a form that binds with high affinity and inhibits 
cyclin El-cdk2. In the resistant 184A1L5'^ cells, p27 phosphory- 
lation was shifted, allowing increased p27 binding to and assembly 
of cyclin Dl-<;dk complexes and the presence of cdk2 bound p27 
with reduced affinity for or inhibitory action on cyclin E-cdk2. In 
the TGF-p-resistant 184A1L5'^ cells, constitutive activation of 
one or more mitogenic pathways may alter p27 phosphorylation, 
causing failure of p27 to dissociate from cyclin Dl-cdk4 and pre- 
venting pl5 from displacing cyclin Dl and inhibiting cdk4 in 
response to TGF-p. TTiese changes in p27 function that contrib- 
ute to TGF-p resistance are likely secondary to alterations in 
mitogenic signaling pathways in the 184A1L5'* cells. Moreover, 
the effects of TGF-P on the cell cycle are pleiotropic. While our 
data suggest a role for deregulated p27 function in the resistant 
cells, other changes in cell cycle effectors likely contribute to the 
resistance phenotype. Elucidation of the signal transduction path- 
ways whose activation regulates these events in the 184A1L5'* 
model may shed light not only on mechanisms of TGF-P resis- 
tance but may also reveal the pathways whose activation leads to 
p27 phosphorylation, acquisition of cyclin Dl-cdk assembly func- 
tion, and the subsequent degradation of p27 during Gi-to-S- 
phase progression in normal cells. 
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Transforming growth factor /J (TGF-/3) induces Gj ar- 
rest in susceptible cells by multiple mechanisms that 
inhibit the G^ cyclin-dependent kinases (Cdks), includ- 
ing Cdk2, Cdk4, and Cdk6. TGF-p treatment of early 
passage finite lifespan human mammary epithelial cells 
(HMECs) led to an accumulation of p27'^'" in cyclin 
El-Cdk2 complexes and kinase inhibition. The require- 
ment for p27 in the Gi arrest by TGF-/3 was assessed by 
transfection of antisense p27 (ASp27) oligonucleotides 
into TGF-P-treated HMECs. Despite a reduction in total 
and cyclin E-Cdk2 bound p27 after ASp27 transfection, 
HMECs remained arrested in the G^ phase. Maintenance 
of the Gi arrest was accompanied by increased associa- 
tion of the Cdk inhibitor p2lWAFi/Cip-i and the retino- 
blastoma family member plSO"^''^ in cyclin El-Cdk2 com- 
plexes aloiig with kinase inhibition. In contrast to the 
findings in HMECs, p27 was essential for G^ arrest by 
TGF-/S in two tumor-derived lines. ASp27 transfection 
into two TGF-P-responsive, cancer-derived lines was not 
associated with increased compensatory binding of p21 
and pl30 to cyclin El-Cdk2, and these cell lines failed to 
maintain Gj arrest despite the continued presence of 
TGF-p. Progressive cell cycle deregulation leading to 
impaired checkpoint controls during malignant tumor 
progression may alter the role of p27 from a redundant 
to an essential inhibitor of G^-to-S phase progression. 

TGF-^^ mediates effects on diverse cellular processes such as 
proliferation, growth, and differentiation via cell surface recep-; 
tors that in turn regulate the activity of SMAD transcription 
factors (reviewed in Ref 1). In many normal cell types, inclad- 
ing epithelial and melanocytic cells, TGF-p has a potent anti- 
proliferative effect. In contrast to nontransformed cells, cancer- 
derived lines  show reduced antiproliferative responses to 
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TGF-P or have lost this response altogether (2). In most cases, 
the loss of TGF-0 responsiveness occurs vrithout inactivation of 
TGF-^ receptors or the SMADs. Cell cycle deregulation is be- 
lieved to contribute to the resisteince of malignant cells to Gj 
arrest by TGF-)3 (reviewed in Ref 3). 

TGF-j3 induces cell cycle arrest in the Gx phase via a number 
of pathways that lead ultimately to inhibition of the G^ cycUn- 
dependent kinases (Cdks). The Cdks are key mediators of pro- 
gression through the cell cycle and are regulated by phospho- 
rylation, cyclin binding, and by the binding of Cdk inhibitory 
proteins (reviewed in Ref. 4). During Gj-to-S phase progres- 
sion, the D-tjrpe cyclins bind Cdk4 and Cdk6 and the E-type 
cyclins bind Cdk2, contributing to kinase activation and G^- 
to-S phase progression. The G^ phosphatase, Cdc25A, plays an 
essential role in Cdk activation by the removed of inhibitory 
phosphates from Cdk2 (5) and possibly also from Cdks 4 and 
Cdk6 (6). Cdc25A may be transcriptionaUy up-regulated by 
c-Myc (7). Two families of Cdk inhibitory proteins oppose Cdk 
activation. p21^^^^'>^\ p27*"pi, and pS?^^^ belong to the 
kinase inhibitory protein (KIP) family and contribute to the 
inhibition of cyclin El-Cdk2 complexes in the G^ phase. 
pl5°^K4B_ pi6iNK4A j^igTiftKiC^ ^^^ pi9'NK4D belong to the in- 

hibitors of Cdk4 family and act to inhibit Cdk4 and Cdk6 
(reviewed in Ref. 4). 

In iseveral cell types, including human mammary epitheMal 
cells (HMECs) and mink limg epithelial cells, TGF-p induces 
and stabilizes the pl5 protein, which leads to its binding to and 
inhtbitioh of Cdk4 and Cdk6 complexes (8-10). TGF-^ also 
causes the accimiulation of p27 in cyclin El-Cdk2 complexes 
leading to Cdk2 inhibition (11, 12). Changes in several essen- 
fiail cell cycle regulators cooperate to induce TGF-j3 arrest, 
including down-regulation of c-Myc (11, 13), Cdc25A (6), and 
cyclin Dl and, in some cell types, up-regvJation of p21 (3). 
Deregulation of various cell cycle targets including cyclin and 
Cdk over expression, Cdk inhibitor inactivation, and Myc or 
Cdc25A overexpression are believed to contribute to TGF-^ 
resistance in cancer (3). 

Although mouse embryonic fibroblasts (MEFs) from p27~'~ 
mice retain TGF-/3 sensitivity (14), several studies have indi- 
cated an association between altered p27 regulation and the 
developmeiit of TGF-j3 resistance. Our previous work showed 
that the acquisition of TGF-j8 resistance in human mammary 
epithelial cells was associated with altered phosphorylation, 
altered Cdk inhibitory activity, and cjrtoplasmic mislocaliza- 
tion of the p27 protein (15). Although p27 gene mutations are 
rare in human tumors, increased proteasomal degradation of 
p27 is observed in a number of cancers, including breast, colon, 
and prostate, and the reduced levels are associated with poor 
patient prognosis (reviewed in Refs. 16 and 17). Relatively little 
is known about the compensatory mechanisms invoked by a 
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nontransformed cell after a reduction in p27 protein levels, 
although a few reports support arole for compensation by other 
Cdk inhibitors to maintain normal cell cycle control. For exam- 
ple, in serum-starved p27~'~ mouse embryonic fibroblasts 
(MEFs), the accumulation of the retinoblastoma family mem- 
ber plSO^^ in cyclin E-Cdk2 complexes compensated for p27 
loss and enabled cells to undergo proliferative arrest in the Gj 
phase (18). 

The present study investigated the requirement for p27™''^ 
in maintaining Gj arrest by TGF-^ in finite lifespan HMECs 
and in cancer-derived lines. Using antisense p27 oligonucleo- 
tides to inhibit p27 expression, we show that HMECs, but not 
the tumor cell lines, maintain G^ arrest after p27 down-regu- 
lation via a compensatory accumulation of p21 and pl30 in 
cyclin E-Cdk2 complexes. These data suggest that p27 is re- 
quired to maintain TGF-jS arrest in these malignant lines but 
has a redundant function in the finite lifespan HMEC that can 
be compensated for by other Cdk inhibitory mechanisms. 

EXPERIMENTAL PROCEDURES 

Cell Culture—Tlie derivation and culture of normal finite lifespan 
human mammary epithelial cells from reduction mammoplasty has 
been described previously (10, 19). The WM35 human melanoma line 
was derived from a radial growth phase melanoma and was kindly 
provided by Dr. M. Herlyn (Wistar Institute, Philadelphia, PA). Cells 
were cultured in RPMI 1640 medium supplemented with 5% fetal 
bovine serum (Hyclone Laboratories) (20). MCF-lOA cells are sponta- 
neously Immortalized human mammary epithelial cells derived from a 
patient with benign breast disease as described previously (21). MCF- 
lOA cells were kindly provided by Dr. F.-F. Liu (Ontario Cancer Insti- 
tute) and cultured in MCDB 170 medium with additives as described 
previously (6). MCF-7 cells (22) were grown in improved-modified es- 
sential medium-option Zn°* supplemented with insulin and 5% fetal 
calf serum. HMECs and WM35 cells were treated with 10 ng/ml TGF-/3; 
MCF-lOA and MCF-7 cells were treated with 100 ng/ml TGF-j3 pur- 
chased from R&D Systems (Minneapolis, MN). 

Flow Cytometric Analysis—Cells were pulse-labeled with 10 /iM bro- 
modeoxyuridine for 2 h and then fixed, stained with anti-bromode- 
oxyuridine-conjugated fluorescein isothiocyanate (BD Bioscierices) and 
counterstained with propidium iodide as described previously (23). Cell 
cycle analysis was carried out on a BD Biosciences FACScah and Cell 
Quest Software. 

Immunoblotting—Cell lysis and immunoblotting were performed as 
described previously (10). Equal protein loading was verified by blotting 
for p-actin. To assay cyclin El complexes, cyclin El was immunopre- 
cipitated from 600 fig of protein lysate with monoclonal anti-cyclin E 
mAbl72. To assay Cdk6 inununoprecipitates, Cdk6 was immimbpre- 
cipitated from 300 ftg of protein lysate. Immunoprecipitates were re- 
solved, transferred, and blotted with the appropriate antibody for de- 
tection of associated proteins. Antibody alone controls were run aloiig 
side immunoprecipitates. The data presented are representative of at 
least three repeat assays. 

Anii6odtes—Monoclonal antibodies to p27 and pl30 were froiii BD ; 
Transduction Laboratories. Antibodies to p21, Cdk2, Cdk6, Cdc25A, 
and c-Myc were obtained from Santa Cruz Biotechnology; to cyclin Di 
(DCS-6) from Neomarkers; to PSTAIEE from S. Reed (The Scripps 
Research Institute, La JoUa, CA), to cyclin El (mAbs E12 and E172) 
and pl5 (JC-6) from E. Harlow (Massachusetts General Hospital, Bos- 
ton, MA); and to g-actin from Sigma. 

Antisense Oligonucleotide JVarss/ection—184HMEC, MCF-lOA, 
WM35, or MCF-7 cells were treated with TGF-p for 24 h followed by 
antisense or missense p27 oligonucleotide transfection using 2.5 /xg/ml 
cytofectin G3815 (Gilead Scientific, Foster City, CA) for 6 h as described 
previously (24) in the presence of TGF-/3 followed by replacement with 
fresh media containing TGF-p. Flow cytometry and protein analysis 
was performed immediately after transfection and at 24 h thereafter. 
For 184 and MCF-lOA cells, neither varying the oligonucleotide con- 
centration from 5 nM to 1, 10, i 25, 50, or 120 nM nor varying the 
transfection time from 6 h to 1, 3,4,10, or 24 h abrogated the G^ arrest 
byTGF-j3. 

Cyclin-dependent Kinase Assays—Cyclin El was immunoprecipi- 
tated and reacted with [•)^'''P]ATP and histone HI as described previ- 
ously (12, 25). Radioactivity incorporated in the histone HI substrate 
was quantitated using an Amersham Biosciences Phosphorlmager and 
ImageQuant software. Radioactivity incorporated in control nonspecific 
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FIG. 1. Effects of TGF-p on the ceU cycle profile and G, regu- 
latory proteins. A, flow Qrtometric analysis of asynchronously prolif- 
erating (-) and 48-h TGF-/3-treated (+) 184, WM35, MCF-lOA, and 
MCiF-7 cells. B, cell lysates from the treatment groups in A were 

! analyzed by Western blotting vising the indicated antibodies. C, 1-h 
ejcpdsure of the film shown in B of pl5 protein in MCF-7 in the absence 
(-■) and after 48 h of TGF-p treatment (+). 184 and WM35 were treated 
with 10 ng/ml TGF-P; MCF-lOA and MCF-7 were treated with 100 
ng/ml TGF-^. 

mouse polyclonal IgG immunoprecipitates was subtracted from test 
kinase values. 

RESULTS 

TGF-p Effects on Cell Cycle Profiles—Vfe compared the 
TGF-/3 responsiveness of human mammary epithelial cells (184 
HMEC, passage 11), WM35, MCF-lOA, and MCF-7 cells (Fig. 
lA). 184 HMEC are a finite lifespan mammary epithelial 
strain, MCF-lOA is a spontaneously immortalized non-maUg- 
nant breast epithelial cell line, MCF-7 is a malignant breast 
cancer line, and WMSS is a malignant melanoma cell line. Cells 
were treated for 48 h in the absence (—) or presence (-I-) of 
TGF-/3 (Fig. lA). 184 and WM35 cells had similar sensitivity to 
TGF-/3, undergoing Gj arrest with an ~80% reduction in the 
proportion of cells in S phase after 48 h of TGF-)3 treatment (10 
ng/ml). The MCF-lOA and MCF-7 cell lines were less sensitive 
than the 184 HMEC or WMSS, but both underwent partial Gj 
arrest with 100 ng/ml TGF-^ with more than 50% reduction in 
the proportion of cells in S phase. 

Fl 
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TGF-p Effects on Cyclin and Cdk Inhibitor Levels—The lev- 
els of the relevant G^ cyclins, Cdks, and Cdk inhibitors were 
assayed by Western analysis in 184, MCF-7, WM35, and MCF- 
lOA cells in the absence (-) or after a 48-h exposure (+) to 
TGF-j3 (Fig. LB). Cyclin Dl levels .were similar in asjTichro- 
nously proliferating 184, MCF-7, and WM35 cells and slightly 
lower in MCF-lOA cells. Cychn El levels were ~2.5-fold 
greater in the untreated cancer-derived MCF-7 and WM35 cells 
compared with the 184 and MCF-lOA HMEC. Cyclin El and 
cyclin Dl levels showed no consistent alteration by TGF-p in 
repeat assays in 184, MCF-7, and WM35 cells. In MCF-lOA, 
however, TGF-^ decreased cyclin Dl and cyclin El levels by up 
to 4-fold. The levels of p27 were higher in the cancer-derived 
lines, with asynchronously proliferating MCF-7 and WM35 
cells having p27 levels approjdmately 15- and 3-fold greater, 
respectively, than asynchronously proliferating 184 HMEC and 
MCF-lOA cells. TGF-)3 treatment did not alter p27 protein 
levels in the HMEC, but p27 levels rose by ~1.5-fold in the 
MCF-7 Une, 3-fold in WM35, and 5-fold in MCF-lOA. Total p21 
levels were similar in 184, MCF-7, and WM35, with reduced 
levels in MCF-lOA. p21 levels were unchanged in the 184 and 
MCF-7 cells after 48 h of TGF-p treatment. The WM35 cells 
showed a transient increase in p21 levels at 18-30 h of TGF-/3 
treatment followed by a return to similar levels as in the 
asynchronous population by 48 h. MCF-lOA cells showed a 
modest decrease in p21 levels at the 48-h time point. pl5 levels 
were much higher in the 184 HMEC compared with the MCF-7 
line; WM35 and MCF-lOA are pl5-null (6, 20). TGF-/3 treat- 
ment of 184 HMEC led to a 3-fold increase in pl5 levels. In 
MCF-7 cells, pl5 could not be detected in the short exposure 
times (3-5 min) that were used to detect pl5 from the 184 
HMEC. However, a longer exposure of the film (1 h) showed 
that pl5 levels increased by 1.5-2-fold in TGF-j3-treated 
MCF-7 cells (Fig. IC). 

Given that the plSO'*^ protein, hke p2lWAF-i/cip-i ^^^ 
p27Kipi^ has a Cdk inhibitory domain and can also accumulate 
in and inhibit Cdk complexes (18), plSO protein levels were 
assayed in asynchronously proliferating and TGF-p-treated 
cells by Western analysis. pl30 levels were much lower in 
HMEC compared vsath the cancer-derived Unes (Fig. IB). 
TGF-^ modestly increased pl30 levels fless than 1.5-fold) in 
184 HMEC and also increased pl30 in MCF-lOA. p]30 levels 
were not affected by TGF-^ in the tumor-derived lines. Equal 
loading was verified by p-actin. 

TGF-p Effects on Cyclin-Cdk Composition and Activities— 
The levels of p21, p27, pl30, and Cdk2 in cyclin El complexes 
were assayed after immunoprecipitation of equivalent levels of 
cyclin El from asynchronously prohferating and TGF-)3-treated 
184, MCF-7, WM35, and MCF-lOA cells (Fig. 2A). Cyclin El- 
bound Cdk2 levels were similar and were not altered by TGF-j3 
in repeat assays in all four cell types. Cyclin El-bound p21 
levels were unaltered in 184 HMEC after TGF-/3 treatment, but 
TGF-p treatment of MCF-7, WM35, and MCF-lOA cells led to a 
modest increase (1.5-2-fold) in p21 binding to cyclin El. p27 
increased in cyclin El complexes in all four cell types after 
TGF-/3 treatment (Fig. 2B). Paradoxically, asynchronously pro- 
liferating cancer-derived lines showed a greater amount of 
cychn El-bound p27 than did HMECs. Cyclin El-bound p27 
levels were ~8-15 times higher in proliferating MCF-7 and 
WM35 than in 184 HMEC. Cychn El-bound p21 was also 2-fold 
higher in MCF-7, WM35, and MCF-lOA lines than in 184 
HMEC. pl30 was detected in cyclin El complexes in both 
asynchronously proliferating and TGF-j3-treated cells (Fig. 2A). 
Although the total pl30 levels were much lower in 184 HMEC 
and MCF-lOA cells compared with the cancer-derived lines (see 
again Fig. IB), the levels of cyclin El-bound pl30 were ~5-10- 

fold higher in 184 HMEC than in the cancer derived lines. pl30 
binding to cyclin El-Cdk2 was only modestly increased by 
TGF-^ in 184, MCF-7, and WM35. TGF-J3 treatment of MCF- 
lOA led to a 3-fold increase in cyclin El-bound pl30. 

The histone HI kinase activity of cyclin El-complexes shown 
in Fig. 2A was assayed as described under "Experimental Pro- 
cedures" (Fig. 2B). Although equal amounts of cyclin El were 
precipitated, cyclin El-associated kinase activities in MCF-7, 
WM35, and MCIF-lOA were 4-5 times greater than that in the 
asynchronously proliferating 184 HMEC. On repeat assays, 
TGF-p treatment of the 184 HMEC and MCF-lOA led to a 
nearly complete (>95%) inhibition of cychn El-associated ki- 
nase activity. WM35 cells also showed 90% reduction in kinase 
activity associated with the Gj arrest. Cyclin El-associated 
kinase activity in the MCF-7 cells was reduced by TGF-/3 by 
~60%. Representative histone HI kinase autoradiography is 
shown in the inset. 

Loss of pl5 Up-regulation by TGF-^ in MCF-7 and 
WM35—We assayed levels of pl5 and cychn Dl present in 
Cdk6 complexes from as3aichronously prohferating and TGF- 
j3-treated cells (Fig. 2C). Despite similar total cyclin Dl and 
Cdk6 in 184, MCF-7, and WM35 cells, more cychn Dl was 
bound to Cdk6 in asynchronously proliferating MCF-7 and 
WM35 than in 184 HMEC (see Figs. IB and 2C). Cdk6-bound 
cyclin Dl levels in MCF-lOA were intermediate between that 
observed in 184 and MCF-7 or WM35. TGF-/3 cai;ised a 2-3-fold 
reduction in the levels of Cdk6-bound cyclin Dl in 184 cells, 
whereas Cdk6-bound cyclin Dl association was not notably 
reduced by TGF-/3 in the MCF-7, WM35, and MCF-lOA cells. 
Cdk6-bound pl5 was significantly higher in asynchronously 
prohferating 184 than MCF-7 cells. The level of pl5 bound to 
Cdk6 increased ~5-fold after TGF-/3 arrest of the 184 HMEC. 
In contrast, pl5 levels were significantly reduced and Cdk6- 
bound pl5 levels did not increase after TGF-^ treatment of 
MCF-7, even on longer exposure of the Cdk6-associated pl5 
blot (Fig. 2D). WM35 and MCF-lOA cells lack pl5 because of a 
biallelic loss of theplS gene (6, 20). 

Increased c-Myc and Cdc26A Levels in Cancer-derived 
Lines—^The WM35 and MCF-7 cancer-derived hnes in our 
study showed a number of differences in the regulation of p27, 
cyclin Dl, cyclin El, and pl5 compared with the 184 HMEC. 
The Cyclin El-associated kinase activities were increased de- 
spite the presence of increased cychn El-Cdk2 boimd p27 in 
these complexes in both asynchronously proliferating and TGF- 
j3-treated MCF-7 and WM35 lines. We observed increased cy- 
clin Dl bound to Cdk6 complexes and a failure to accumulate 
pl5 in Cdk6 complexes after TGF-j3 treatment of the cancer- 
derived lines. These observations prompted us to assay the 
levels of c-Myc, because c-Myc has been shown to interfere with 
p27 function at many levels and to repress pl5 induction (26- 
29). c-Myc may also transactivate the Cdc25A gene (7), whose 
product is an important activator of Cdk2 (7) and whose down- 
regulation plays an important role in Gj arrest by TGF-^ (6). 

The levels of c-Myc and Cdc25A proteins were assayed in the 
cancer-derived MCF-7 and WM35 cell lines and in the 184 
HMEC (Fig. 25). c-Myc levels were 5-10-fold greater in the 
asynchronously proliferating cancer-derived MCF-7 and WM35 
lines compared with 184 HMEC; Cdc25A levels were approxi- 
mately 15-20-fold higher. c-Myc and Cdc25A levels in MCF- 
lOA were intermediate between those in 184 and in the two 
cancer-derived lines. After TGF-/3 treatment, Cdc25A levels 
were reduced ~5-fold in 184, MCF-7, and MCF-lOA, and by 
~2-fold in WM35. Although Cdc25A levels were reduced by 
TGF-/3 in all four cell types, the residual Eunount of Cdc25A 
protein present in TGF-/3-treated cells differed importantly. 
c-Myc and Cdc25A levels remaining in the TGF-)3-treated can- 
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FIG. 2. Gi Cdk complexes are regulated differently in normal and cancer-derived lines. A, cyclin El imimmopredpitates {IP) from 
asynchronously proliferating and TGF-/3-treated cells were resolved and assayed for associated p21, p27, pl30, and Cdk2. B, cyclin El immuno- 
precipitates were also analyzed for associated histone HI kinase activity. The'inset shows radioactivity in nonspecific IgG control and in reactions 
1-8. The activities are graphed as a percentage maximum for lanes 1-8 after subtraction of the background activity in the IgG control. C, Cdk6 
immunoprecipitates from asynchronously proliferating TOF-^-treated cells were resolved and assayed for associated cyclin Dl and pl5. D, 
Cdk-6-associated pl5 after 35-min film exposure. E, Western analysis of c-Myc and Cdc25A levels in asynchronously proliferating and TGF-p- 
treated cells. 

F3 

cer lines were 5-10-fold higher than in the TGF-/3-treated 
HMEC. 

ASp27 Activates Cyclin El-Cdk2 and Abrogates TGF-^-in- 
duced Gj Arrest in Tumor-derived Lines but Not in Nonmalig- 
nant Lines—p27 was discovered as a mediator of cyclin E-Cdk2 
inhibition and Gj arrest by TGF-^ (11, 12). However, in differ- 
ent cell types, other changes in Gj regulators seem to contrib- 
ute to TGF-^ mediated arrest (reviewed in Ref 3). To specifi- 
cally address the requirement for p27 in TGF-^-mediated Gj 
arrest, we tested whether the antisense-mediated inhibition of 
p27 expression would abrogate TGF-/3 arrest in 184 HMEC, 
WM35, MCF-7, and MCF-lOA cells. Cells were treated with 
TGF-/3 for 36 h followed by a 6-h transfection with antisense- 
p27 (ASp27), mismatch oligonucleotides, or lipid alone as con- 
trols. Fresh media containing TGF-jS was added back after 
transfection. Cell Cycle and protein analysis were performed, 
immediately after the transfection and at 24 h. p27 protein 
levels were reduced by 3-5-fold sifter ASp27 transfection and 
levels remained low 24 h after transfection (Fig. 3A). p27 levels 
in the control and mismatch oligonucleotide-transfected groups 
were similar. The transfection did not alter protein levels of 
other Gj regulators examined including p21, pl30, cyclin El, 
cycUn Dl, Cdk2, and Cdk6 (data not shown). 

ASp27 caused TGF-/3-arrested MCF-7 and WM35 to re-enter 
the cell cycle but had no such effect on arrested 184 HMEC or 
MCF-lOA cells. Flow cjrtometric analysis at 24 h showed that 
ASp27 transfection led to a decrease in the proportion of cells in 
Gi arid an increase in the proportion in S phase in the tumor- 
derived WM35 and MCF-7 hues (Fig. 3B). Approximately 25- 
30% of these cells were in S phase 24 h after transfection 
compared with only 9-15% for the hpid and mismatch controls. 
Equal amounts of cyclin El were immunoprecipitated from 
ASp27-treated and from mismatch p27 or lipid controls, and 
histone HI kinase activities were assayed. Reactivation of cy- 
chn El-dependent kinase accompanied cell cycle re-entry after 
antisense-mediated inhibition of p27 expression in TGF-^- 
treated MCF-7 and WM35 cells (shown for WMSS in Fig. 3C). 

In contrast, the cell cycle profiles of the finite Ufespan 184 
HMEC and the immortalized MCF-lOA line were not altered by 
ASp27 transfection. Repeat assays showed that the cyclin El- 
associated kinase remained inhibited in Gj arrested ASp27- 
transfected 184 HMEC and MCF-lOA, as it did in TGF-/3- 
treated hpid and mismatch controls (Fig. 3C, data shown for 
184 HMEC). Thus, p27 is required to maintain Gj arrest by 
TGF-/3 in these tumor-derived hnes but not in finite lifespan or 
immortal, nonmalignant mammary epithelial cells. 
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FIG. 3. Maintenance of TGF-p-mediated Gj arrest in the HMEC, but not malignant tumor-derived lines after p27 down-regulation. 
The indicated cells were treated with TGF-/3 for 36 h, followed by a 6-h transfection with lipid only (C), antisense p27 oligonucleotides {AS), and 
mismatch (MS) oligonucleotides. The levels of p27 (A) and cell cycle profile (B) were assayed 24 h after transfection. The cyclin El-associated kinase 
activities (C) and cychn El-bound p21, p27, pl30, and Cdk2 (D) were assayed in 184 and WMSS cells 24 h after transfection. 

The failure of antisense p27-transfected 184 HMEC and 
MCF-lOA cells to re-enter the cell cycle was not caused by 
toxicity, because replacement of the TGF-^-containing media 
ynth complete media (no TGF-/3) led to cell cycle re-entry (data 
not shown). Because early passage and late passage HMEC 
differ in their responsiveness to TGF-P (30), we repeated the 
ASp27 transfection experiments with mid-passage (passage 15) 
and late passage (passage 20) 184 HMEC. Regardless of pas- 
sage, 184' HMEC maintained Gj arrest in the presence of 
TGF-p. The failure of the malignant tumor-derived lines to 
maintain Gj arrest after ASp27 was unlikely to have be^n 
caused by differences in the intrinsic TGF-^ sensitivity of the. 
cell types. The finite Ufespan 184 HMEC and malignant WM35 
lines had similar TGF-(3 sensitivity, as did the nonmaHgnarit^ 
MCF-lOA and malignant MCF-7 cells Unes, yet only 184 and 
MCF-lOA cells maintained arrest by TGF-/3 after p27 
down-regulation. 

Increased Association ofpSl^^'^"^'"' and plSO^''^ Contrib- 
ute to Cyclin El-Cdk2 Inhibition in ASp27-treated HMEC but 
Not in Cancer-derived Lines—To investigate mechanisms con- 
tributing to maintenance of TGF-j3 arrest in 184 HMEC and 
immortal MCF-lOA, despite the antisense-mediated decrease 
in p27 expression, we assayed the levels of p21, p27, and pl30 
bound to cychn El in ASp27-transfected, TGF-p-treated cells. 
In all four cell types, ASp27 treatment significantly reduced 
the levels of p27 in cyclin El complexes (shown for 184 HMEC 
and WM35 in Fig. 3D). In the 184 HMEC, the reduction in 
cychn El-bound p27 was associated vnih a ~3-5-fold increase 
in cyclin El-bound p21 £md a 5-10-fold increase in the level of 
pl30 in the cyclin El complexes (Fig. 3D). TGF-/3-treated MCF- 
lOA also showed increased cyclin El-bound pl30 and p21 after 
antisense-mediated loss of p27 and maintained the G^ arrest 
(not shown). In the cancer-derived MCF-7 and WM35 Hnes, 
there was no increased pl30 association with cyclin El com- 

plexes; cyclin El-bound p21 decreased in ASp27-treated cells 
compared with the lipid and mismatch cells and ASp27 led to 
cell cycle re-entry (shown for WM35, Fig. 3D). 

DISCUSSION 

Loss of sensitivity to the growth inhibitory effect of TGF-/3 is 
comnioii in human tumor-derived cell lines and is thought to 
contribute to malignant tumor progression (31). Although in- 
creased 'p27 proteolysis and TGF-/3 resistance have both been 
siiowii ti) occur early in tumorigenesis, previotis work has not 
-jirpyided a causal link between p27 deregulation and loss of G^ 
■arrest by TGF-/3 during oncogenic progression. With the excep- 
tion of ttie increased size of p27-null mice compared with wild- 
type mice, the relative absence of alterations in development, 
differentiation, and cell cycle control in p27-null mice suggests 
that compensation by other cell cycle regulators may occur in 
the absence of p27 (11, 14, 32, 33). Indeed, mouse embryonic 
fibroblasts (MEFs) obtained from p27-null mice retain sensi- 
tivity to many growth inhibitory stimuli, including TGF-p (14). 
The present study demonstrates that p27 is an essential me- 
diator of Gj arrest by TGF-p in two malignant lines, the MCF-7 
breast cancer cell hne and the WM35 melanoma line. Anti- 
sense-mediated inhibition of p27 expression led to cyclin El- 
Cdk2 reactivation and cell cycle re-entry. However, p27 was not 
essential for G^ arrest by TGF-/3 in two non-tumor-derived cell 
types, the finite lifespan 184 HMEC and the immortalized 
MCF-lOA line. In these cells, a compensatory increase in bind- 
ing of p21^^-^'='*'-^ and plSO^'^^ to cyclin El-Cdk2 complexes 
seems to contribute to maintenance of the Gj arrest. 

A nimiber of studies using oncogene-transformed or cancer- 
derived cell hnes support the notion that p27 loss or deregula- 
tion is associated with impaired TGF-^ arrest response. Over- 
expression of the Bcr-Abl kinase in human M07 cells and 
murine Ba/F3 cells led to the proteosomal degradation of p27, 
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which was associated with TGF-/3 resistance (34). Oncogenic 
ras activation led to cytoplasmic mislocalization of p27 and to 
TGF-^ resistance in epitheUal cell lines (35). In the WM35 and 
184HMEC used in this study, we reported recently that over- 
expression of activated protein kinase B impairs TGF-P respon- 
siveness, at least in part through protein kinase B-mediated 
phosphorylation of p27, leading to its cytoplasmic mislocaUza- 
tion (36). Furthermore, ElA overexpression in mink lung epi- 
theUal cells caused TGF-p resistance, and these cells failed to 
accumulate p27 in cychn El-Cdk2 complexes in response to 
TGF-/3 (37). In the present study, we observed differences in 
p27 regulation in the cancer-derived lines compared vnth two 
human mammary epithelial cell types, 184 HMEC and MCF- 
lOA. Asynchronously proliferating cancer-derived hnes, espe- 
cially MCF-7, had a paradoxically high amount of p27 present 
in cyclin El-cdk2 complexes. In addition, cychn El-Cdk2 com- 
plexes from both cancer-derived hnes had higher kinase activ- 
ities than asynchronous 184 HMEC, despite more cychn El- 
bound p27 and p21. These data suggest that the Gdk inhibitory 
activity of the KIPs may be impaired in MCF-7 and WMSS 
cells. In the context of functional KIP deregulation, even a 
modest loss of p27 via antisense might have a critical effect 
because compensatory action by p21 may be impaired. 

The pl30'"'^ protein may play an important compensatory 
role in maintenance of checkpoints after p27 loss in several cell 
types, including epithelial cells, as we report here, and fibro- 
blasts. In p27~'~ MEFs, the accumulation of plBO in cyclin 
E-Cdk2 complexes compensated for the absence of p27 and 
contributed to Cdk2 inhibition and G^ arrest after either phar- 
macologic phosphatidyUnositol 3-kinase inhibition or serum 
starvation (18,38). Other studies support a role for pl30 in the 
proliferative arrest by TGF-/3. Herzinger et al. (39) showed an 
accumulation of pl30 in E2F complexes and repression of E2F 
regulated genes during TGF-p arrest of human keratinocytes. 
We detected pl30 in cyclin El-Cdk2 complexes from both asyn- 
chronously proliferating and TGF-/3-treated cells. In all cells 
assayed, TGF-/3 treatment induced a modest yet similar in- 
crease in the levels of cyclin El-bound pl30. Surprisingly, 
despite 15-20-fold higher pl30 protein levels in the two malig- 
nant tumor-derived lines than in the nonmalignant cells, the 
levels of pl30 bound to cyclin El-cdk2 were 5-10-fold less in 
these cancer-derived lines than in the HMEC. Thus, mecha- 
nisms that regulate pl30 binding to cyclin El-Cdk2 complexes 
may differ between the HMEC and cancer-derived lines. 

pl30 deregulation has been observed, and may have inde- 
pendent prognostic value, in several types of human cancers 
(40-42). Altered pl30 regulation has been reported in the 
context of altered p27 regulation and may contribute to loss of 
responses to antiproliferative stimuli. For example, the viral 
ElA protein can bind and inactivate both p27 and pl30, and 
ElA overexpression leads to TGF-^ resistance (37). In addition, 
p27~''' lymphocytes, which express lower pl30 levels than 
p27~''' MEFs, fail to commit to G^ arrest after serum starva- 
tion (18). Thus, deregulation of both pl30 and p27 potentially 
lead to a loss of normal proliferative control during tumor 
progression. Future studies may elucidate whether pl30 dereg- 
ulation further stratifies for poor patient outcome among pa- 
tients whose tumors show reduced p27. 

Our data support the notion that deregulation of multiple Gi 
cell cycle regulators may be required before cells lose respon- 
siveness to antiproliferative effects of TGF-J3. Deregulation of 
several G^ regulators may ultimately be required before p27 
becomes essential for Gj arrest by TGF-/3. pl5 has been shown 
to cooperate with p27 in G^ arrest by TGF-p (8). pl5 is not 
required for Gj arrest by TGF-/3 because both MCF-lOA (6) and 
WM35 (20) retain TGF-/3 responsiveness despite a lack of pl5 

expression. Moreover, pl5 loss per se does not make cells de- 
pendent on p27 for TGF-^-mediated Gi arrest. Although both 
MCF-lOA and WM35 are pl5-deficient, ASp27 abrogated 
TGF-j3 arrest in only the WM35 cells and not the MCF-lOA 
cells. Thus, cell cycle inhibitory pathways activated by TGF-0 
in pl5-deficient MCF-lOA that compensate for ASp27-medi- 
ated loss do not seem to be functional in WM35. One of these 
may be the compensatory increase in pl30 binding to Cdk2. 
The disruption of both pl30 and pl5 regulation in cancers may 
alter the role of p27 from a redundant to essential mediator of 
Gi arrest by TGF-/3. 

c-Myc plays an important role in the regulation of many Gi 
cell cycle proteins, including cychn El, p27, p21, pl5, and 
Cdc25A. Moreover, c-Myc overexpression causes TGF-j3 resist- 
ance (26). In MCF-7, the elevated c-Myc levels may contribute 
to the loss of induction of pl5 by TGF-p. Increased c-Myc may 
also be linked to the impaired anti-proliferative role of pl30 
(43, 44) and could contribute to the increased expression of 
Cdc25A (7) in MCF-7 and WM35. 

The increased Cdc25A levels in WM35 and MCF-7 may con- 
tribute to the increased cyclin El-Cdk2 activities observed in 
.these lines. Cdc25A down-regulation contributes to G^ arrest 
by TGF-p (6). Although TGF-p reduced Cdc25A levels in all of 
the cell types, MCF-7 and WM35 had significantly higher re- 
sidual Cdc25A levels remaining after 48 h of TGF-/3 treatment 
than did 184 HMEC and MCF-lOA. The higher residual levels 
of the Cdk2 activator Cdc25A in the TGF-jS arrested cancer 
cells may make them more susceptible to cychn El-Cdk2 acti- 
vation after antisense-mediated p27 loss. Cangi et al. (45) have 
shown increased mortahty in breast cancer patients whose 
tumors expressed both elevated Cdc25A and low p27. In addi- 
tion, there was a positive correlation between Cdk2 activity 
and Cdc25A expression in the breast cancers studied. In- 
creased Cdc25A expression and activity would oppose the cy- 
chn El-Cdk2 inhibitory function of p27. In cancers with 
Cdc25A overexpression, maintenance of p27 expression and 
function may become critical for continued responsiveness to 
such antiproliferative stimuU as TGF-^. 

In summary, our data support the notion that a reduction in 
p27 levels may contribute significantly to the loss of normal 
responsiveness to grovrth inhibitory stimuli during cancer pro- 
gression. Importantly, the reduction in p27 levels alone may be 
insufficient to disrupt cell cycle arrest responses when other 
cdk inhibitory mechanisms are functional. Our antisense ex- 

: periments suggest that normal mammary epithelial cells main- 
tein their antiproliferative responses at least in part through 
activation of the cdk inhibitory function of p21 and pl30 when 
p27 levels are reduced. Loss of these and other normal check- 
point controls during malignant progression may make p27 
essential for Gi arrest by TGF-/3. 
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About seventy percent of newly diagnosed breast cancers express the estrogen receptor 
(ER) and of these, two thirds will respond to antiestrogen therapies. Millions of breast cancer 
patients are treated with Tamoxifen worldwide. In spite of the initial efficacy of hormonal 
therapies, in time, breast cancers progress to a hormone resistant state. A better understanding of 
how antiestrogens arrest breast cancer growth is a first step in the development of drugs that can 
overcome hormone resistance. 

Tamoxifen causes breast cancer cells to arrest in the Gl phase of the cell cycle. Our data 
show that the cell cycle inhibitors, p27 and p21, are essential for the clinical efficacy of 
antiestrogens. p21 and p27 levels increase following treatment with antiestrogen drugs, 
Tamoxifen or ICIl 82780, leading to Gl "arrest. When p21 or p27 expression was inhibited by 
antisense, cells whose proliferation had been blocked by Tamoxifen or ICIl 82780 re-entered the 
cell cycle. These data demonstrate that depletion of either p21 or p27 can mimic estrogen 
stimulated cell proUferation and indicate that both of these cell cycle inhibitor proteins are 
essential mediators of the therapeutic effects of Tamoxifen on breast cancer. 

We have observed constitutive activation of the MAPK pathway in hormone resistant, ER 
positive breast cancer lines. In these lines, inhibition of the MAPK kinase (MEK) restored 
sensitivity to growth arrest by Faslodex (ICI182,780) and by Tamoxifen. Antisense inhibition 
of p27 expression abolished this sensitivity, confirming the importance of p27 in this 
antiestrogen mediated arrest. Moreover, transfection of constitutively activated MEK into 
hormone sensitive cells induced loss of p27 and partial resistance to antiestrogen mediated cell 
cycle arrest. Effects of the MAPK pathway on p27 and p21 function and the therapeutic 
implications of these observations will be addressed. 
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Gl progression in mammalian cells is driven by D and E type cyclin/cdks, 
whose activation is tightly regulated in response to extra-cellular cues. 
Cyclin Dl and the cdk inhibitor, p27*^''', are thought to be crucial sensors 
for positive and negative proUferation signals, respectively. p27^''' plays a 
role in maintaining quiescence induced by TGF-p, contact inhibition, or 
growth factor depletion. In contrast to their growth inhibitory function. 
Kip family proteins also mediate the assembly of D type cyclin-cdks, that 
is critical for the activation of the holoenzymes. However, it remains 
unclear how Kip assembly function is regulated by mitogenic signaling. 

We previously demonstrated that the cyclin Dl-cdk assembly 
function of p27'^''' is increased and phosphorylation of p27^''' is ahered in 
a TGF-P resistant cell line. To explore the potential role of mitogenic 
PDK signaling in Gl progression, we examined PI3K/PKB activation 
across the cell cycle. Activation of Akt/PKB occurs early in Gl and 
precedes the assembly of cyclin Dl/cdk4. hihibition of PDK blocks Gl/S 
progression. We present several lines of evidence suggesting that the 
requirement of PI3K/Akt activation for Gl/S progression is at least in part 
due to its ability to phosphorylate p27'^''' and facilitate p27'^''^'s cyclin 
Dl/Cdk4 assembly function. (1) Cyclin Dl/cdk4/Kip complex formation 
is increased in cells expressing constitutively active Akt/PKB (PKB°°). 
(2) Akt/PKB phosphorylates p27'"P^ on T157, and T157A mutant p27^P' 
binds to cyclin Dl or cdk4 less efficiently than wild-type p27or T157D 
mutant p27'^''' in vivo and in vitro. (3) The p27^'P^ released from cellular 
cyclin Dl-cdk complexes can readily mediated assembly of cyclin 
Dl/Cdk4, while p27 released from cdk2 complexes is less effective in 
cyclin Dl-cdk4 assembly assays in vitro. (4) In vitro phosphorylation of 
recombinant p27'^''' by Akt/PKB greatly increased its ability to assemble 
cyclin Dl/Cdk4. Moreover, p27 released by boiling from cdk2 complexes 
acquired competence as a cyclin Dl-cdk4 assembly factor following 
phosphorylation by PKB (5) As revealed by tryptic mapping, a highly 
phosphorylated site of cyclin Dl-bound cellular p27'^''^ is only minimally 
phosphorylated in cdk2-bound p27^'''. This site is also absent in p27'"P' 
T157A. Thus, Akt/PKB dependent phosphorylation of p27'"''^ appears to 
play a crucial role in early Gl phase to activate the cyclin Dl/Cdk4 
assembly function of p27^'' and Gl/S progression. 


